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Electronic equipment such as this general-purpose transmitter requires constant monitoring 

while in operation. Current and voltage meters are included as integral parts of the equipment 

to provide the operator with at-a-glance information concerning critical internal functions. 
Courtesy Technical Material Corp. 
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If the control of one’s self is the greatest of goals, the control 
of one’s thoughts is still greater, for what a man thinketh, 
so he is. 

—Dr. Frank Crane 
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MEASURING DEVICES 


In this age of technology there is great demand for measurements of many 
kinds. It is common to measure temperature, voltage, current, resistance, 
pressure, time and other quantities. Each quantity is measured by some type 
of instrument, which is usually called a METER. 


Quantities you work with in electronics are invisible. You cannot see elec- 
trons moving through a circuit, nor can you tell by looking at a circuit how 
much voltage or resistance is present at various points. Thus, electric meters 
become your eyes. 


It is important for you to know how to use electric meters, and also to under- 
stand how they work. With this knowledge you will know how to select 
the proper meter for each job. You will also understand the meaning of the 
meter readings and the limitations of meters. 


METER MOVEMENTS 


The METER MOVEMENT is the heart of an electric meter. It converts 
electric energy to mechanical energy to provide a reading on a calibrated 
scale. Meter movements operate on several transducing principles. However, 
most of them work on the basic principles of electromagnetism. Understand- 
ing the operation of meter movements requires a knowledge of electromag- 
netism and the properties of an electromagnetic field. 


Magnetic Effect 


In 1819 Hans Oersted noted that when a compass is brought near a current- 
carrying conductor, the compass needle is deflected perpendicular (at right 
angles) to the wire. From Oersted’s discovery of the relationships between 
current and magnetism, we know that an electromagnetic field is generated. 
by current flowing through a wire. The electromagnetic lines of force within 
this field encircle the wire, as shown in Figure 1A. The direction, either 
clockwise or counterclockwise, of the electromagnetic field is determined by 
the LEFT HAND CURRENT RULE (Ampere Rule). The Left Hand 
Current Rule is illustrated in Figure 1A. Note that when the wire is grasped 
in the left hand with the thumb pointing in the direction of current flow, the 
curled fingers indicate the direction of the electromagnetic lines of force. In 


1055 


i MEASURING DEVICES 


Figures 1B and IC, the lines of force interact with the magnetic field of the 
compass in such a way that the compass needle tends to align itself at right 
angles to the wire. 


/ MAGNETIC 
COMPASS 


THE AMOUNT OR DEGREE OF DEFLECTION IS 
PROPORTIONAL TO (IS A FUNCTION OF) THE 
AMOUNT OF CURRENT FLOWING IN THE WIRE. 


A small current through the wire deflects the compass needle only slightly. 
A large current swings the needle perpendicular to the wire, which is its 
maximum deflection. When the current direction is reversed, the compass 
needle swings in the opposite direction. 


LINES OF FORCE 


The electromagnetic field surrounding a current-carrying wire is perpendicular 
to the wire and continuous along its entire length. Thus, in Figure 1C the 
compass needle, while perpendicular to the wire, is PARALLEL to the sur- 
rounding electromagnetic field. As shown in Figures 1B and 1C, THE 
NEEDLE TENDS TO POINT IN THE DIRECTION OF THE ELEC- 
TROMAGNETIC FIELD. 


MAGNETIC 
COMPASS 
> 


WwW S 
Se - 


Galvanometers 


The principles demonstrated in the experiment of Figure 1 were used to 
construct the first GALVANOMETER. Galvanometers are used to indicate 
or measure small currents in bridge circuits and other sensitive measuring 
circuits. The arrangement of Figure 1D shows how a simple galvanometer 
works, using the magnetic principle to indicate the current in a circuit. 


To use this arrangement as a meter, the deflection of the needle from its 
normal position must be calibrated by some sort of number scale. A scale 
of this type can be made on a sheet of paper under the compass. With a 
battery voltage of 6 volts, and with R, adjusted for a resistance of 6000 
ohms, by Ohm’s Law, the circuit is now arranged so there is exactly 1 
milliampere of current in it. A number | is then written on the sheet of 
paper in line with the end of the compass needle. R, is then adjusted for 
a resistance of 3000 ohms to give 6/3000, or 2 mA of current in the circuit. 
Then a number 2 is written on the paper in line with the new position of 
the compass needle. 


This procedure is continued, increasing the current in the circuit and marking Fiaure 
the points where the needle stops each time, until the needle is pointing ra 
squarely across the wire. This is as far as the needle can move. 
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PERMANENT 
MAGNET 


POLE PIECE 


Figure 
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POINTER 


MOVABLE COIL 


SUSPENSION 
SPRING 


Reversing the current through the circuit will deflect the compass needle in 


the opposite direction and on the other side of zero. Repeating the same 
procedure as above, that part of the scale is calibrated in the same way. 


When the calibration is complete, the compass needle will indicate the 
amount and direction of current in the wire. This arrangement is the 
simplest kind of meter. It indicates the presence of electric current by 
means of a mechanical motion resulting from the magnetic effect produced 
by the current. 


This type of meter cannot be used for ac measurements, as the quickly 
reversing current direction would not deflect the meter pointer. The most 
observable pointer deflection would only be some vibration around the 
zero-center of the meter scale. 


The zero-center scale, by the way, is a distinguishing characteristic of a 
galvanometer. . 


Because this galvanometer is calibrated to show the number of amperes 
flowing in the wire, it can also be called an AMMETER. It is a “zero- 
center” ammeter because the normal resting position of the indicator is at 
the center of the scale, and currents of opposite direction cause the indicator 
to move in either direction from this zero point. 


Thé simple galvano 
because if the position of the compass with respect to the wi e-or-the _earth’s 


Tae ee 


magnetic field is ‘shifted, the reading will vary. There are other disadvan- 
tages to an open meter of this type. When measuring small currents, the 
magnetic field produced may not be sufficient to overcome the earth’s mag- 
netic field. Also, other magnetic fields such as those produced by ordinary 
house wiring may affect the deflection. 


Figure 2 shows an example of how a galvanometer is used as a practical 
measuring instrument. A movable coil of fine wire with an attached indi- 
cating pointer is suspended between two pole pieces. The pole pieces form 
a low-reluctance path to the poles of a permanent magnet. The coil and 


attached pointer are suspended between the pole pieces by copper wire . 


springs at the ends of the coil. The suspension provides control over the 
coil movement and electrical connections between the movable coil and the 
external circuit. 


Current through the movable coil sets up a magnetic field. This field opposes 
the fixed magnetic field of the pole pieces, causing the coil and attached 
pointer to deflect from their normal position. 
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This galvanometer uses the moving-coil principle. Moving-coil meters are 
the most common instruments in use today. They are built to overcome 
magnetic and other disturbing effects normally encountered in open-type 
meters. 


Galvanometers may be divided broadly into two classes: those that use a 
stationary coitand a rotating permanent magnet, and those using a Stationary 
permanent magnet _and—a rotating coil. The galvanometers which are in 
widespread use today are the ones in which the coil rotates. These are 
called PERMANENT-MAGNET MOVING-COIL (PMMC) mechanisms. 


The most widely known meter movement of this type is the D’ARSONVAL 
GALVANOMETER. = 
< 


D’Arsonval Movement 


There are two basic types of moving-coil, or D’Arsonval, mechanisms, which 
operate on the same principle but are slightly different in design. e basic 
movement, similar to the one patented by D’Arsonval in 1881, is the EX- 
TERNAL MAGNET type. The other design, developed in recent years 
with the availability of improved magnetic materials, is the CORE MAGNET 


type. 


The external magnet D’Arsonval moving-coil meter uses a permanent magnet 
with soft iron pole pieces attached to its ends, as shown in Figure 3A. The 
pole pieces of the permanent magnet set up a nonuniform magnetic field 
which is not suitable for meter operation. Therefore, a soft iron core is 
placed between the pole pieces to develop a uniform magnetic field. 


The moving coil, which carries the current to be measured, is shown in 
Figure 3B. It consists of several turns of fine wire wound on a rectangular 
aluminum frame. The coil must be light and must be able to swing freely. 
Thus, only a limited number of turns can be placed on the frame. The 
indicating needle, or pointer, is attached to the coil and frame. Tiny counter- 
weights are used to balance the assembly on its pivots. 


There is a coiled hairspring at each end of the frame. These springs provide 
flexible electric connections to the moving coil. Also, the springs hold the 
indicator at the zero scale position when there is no current in the coil. In 
most meters, the zero scale position is at one side of the meter scale. The 
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Sa MOVABLE COIL 


meter pointer deflects from zero in one direction only, rather than in either 
direction, as it did in the galvanometer. 


The meter movements used in most commercial instruments today operate 
on principles discovered by D’Arsonval over 100 years ago. The D’Arsonval 
movement combines the features of good sensitivity, light weight, rugged- 
ness and linear scale characteristics. 

Courtesy Eico Electronic Instrument Co., Inc. 


To allow the moving coil to turn freely, hardened steel pivots fitted into 
jeweled bearings are attached to each end of the frame where the springs 
are located. This is shown in Figure 3C. 


The parts of the D’Arsonval movement are assembled to form a complete 
meter movement, as shown in Figure 3D. A zero adjust screw on the front 
of the movement adjusts the pointer for zero scale reading at zero current. 


The pointer indicates the amount of current passing through the meter. When 
a direct current is passed through the coil, the coil sets up its own magnetic 
poles opposing those of the permanent magnet. As a result, the moving coil 
is repelled by the permanent magnet. The pointer swings with the coil and 
registers a reading on the scale. The greater the current, the stronger the 
magnetic field around the coil, and the farther the pointer and coil rotate. 
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When current is passed through the meter in the opposite direction, the 
magnetic field set up by the coil has the opposite polarity. The coil and 
pointer now are rotated in the opposite direction. This causes the pointer 
to move backward, hitting the left retaining pin instead of moving to the 
right across the scale. Therefore, it is necessary to observe the proper 
polarity when connecting a moving-coil type meter into a circuit. 


The pointer must accurately register the amount of current passing through 
the coil, and it mustteturn to zero when the meter is removed—from_the 
circuit. These two actions are accomplished by the control system. The 
control system consists of the coil springs mounted at each end’ of the 
aluminum frame. When the current is passed through the coil, interaction 
between the magnetic field of the coil and the permanent magnet rotates the 
moving coil clockwise against the resistance of the spring. When the force 
of resistance from the spring equals the force of rotation from the action 
of the magnetic fields, the moving coil and pointer stop. When the meter 
is disconnected from the circuit, the springs return the pointer to zero. The 
coil springs also serve to carry current from the external circuit, through the 
moving coil and back to the external circuit. 


The end-pivoted coil (edgewise) mechanism is widely 
used in recording equipment. The VU (Volume Units) 
meters shown here are specially-damped ac voltmeters, 
calibrated in dB. 

Courtesy Bell & Howell 
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The—core magnet type meter mechanism sho igure 4A is _used. to 
obtai advantages of compact size and weight reduction. 
the 


the core itself is a permanent magnet. Such a mechanism is resistant 
effects xternal magnetic fields, and thus reduces the need for bulky shield- 
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ing materials. The core magnet meter movement is useful in aircraft and 
aerospace applications where mechanisms are mounted in close proximity 
to each other. Aircraft instrument panels use core magnet meters in indi- 
cators where as many as five mechanisms are mounted in one case to provide 
a unified display. 


MOVING COIL 


MAGNET 
POINTER 


Figure 4 


Another type of PMMC mechanism that uses a permanent core magnet is 
the END-PIVOTED COIL type. In this arrangement (Figure 4B), the coil 


moves within a single air gap since torque is applied to only one side of the 
coil. The concept is not new. Movements of this type have been used ‘as 


far back as 1900, but with low magnetic flux and generally poor perfor- 
mance. However, this movement allows a full-scale deflection of up to 270 
degrees rather than 180 degrees as in center-pivoted coils. The end-pivoted 
type movement is also used extensively in edgewise panel meters (such as 
VU meters). Deflection in these meters is usually purposely limited to 60 
degrees or less with the magnetic flux concentrated over the smaller angle. 
A typical edgewise meter mechanism is shown in Figure 4C. 


Electrodynamic Movement 


Electrodynamic mechanisms utilize the fundamental principles of electromag- 
netism, and are used in a variety of measuring applications. Since neither 
permanent magnets nor magnetic materials such as iron are used, there are 
no form or shape variations to affect the mechanism. The electrodynamic 
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mechanism is current sensitive. That is, the pointer moves because of cur- 
rent flowing through turns of wire which become electromagnets. 


Construction of the electrodynamic mechanism is different from that of 
PMMC movements. Figure 5A shows the actual construction. Two field 
coils are used in place of a permanent magnet while a movable coil is 
suspended between and inside them. This arrangement is shown graphically 
and schematically in Figures 5B and SC. All three coils are electrically 
connected in series, as shown in Figure 5C. 


The basic idea of the electrodynamic movement can be seen by considering 
how a permanent-magnet moving-coil movement behaves when measuring 
ac. Each cycle of alternating current has a positive peak and a negative 
peak. Therefore, the pointer of the permanent-magnet moving-coil move- 
ment will move up-scale the first half of the cycle, or on the positive alterna- 
tion, and tend to move down-scale on the second half, or negative alterna- 
tion. At very low frequencies the pointer will swing back and forth around 
the zero position. At high frequencies the pointer merely vibrates, or 
oscillates, around the zero point, and no reading is obtained. ~ 


This condition can_be overcome by replacing the permanent magnet with 
stationary field co field coils: This arrangement is shown in Figures 5D and 5E;where 


the field coils are connected in series with the movable coil. On the positive 
alternation, current flows in the direction indicated by the arrows in Figure 
5D. The current through the field coils sets up a field flux of the indicated 
polarity around the coils. The current also flows through the movable coil, 
setting up a field flux opposing that of the field coils. 


The north pole of the movable coil is repelled by the north pole of the field 
coil on the left, and is attracted to the south pole of the field coil on the right. 
As a result, the pointer moves across the scale to give a reading proportional 
to the current magnitude. 


On the negative alternation the current is reversed in the field coils and 
movable coil, as shown in Figure 5E. The magnetic fields around the coils 
also reverse, so the polarities are as shown in Figure SE. The south pole 
of the moving coil is repelled by the south pole of the left field coil and is. 
attracted to the north pole of the right field coil. 


Notice that the pointe in_the same direction across the scale for 
the field flux~also reverses. This maintains the torque in the same direction 
and causes the pointer to move up-scale on both halves of the cycle. 
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Electrodynamic mechanisms are-used in a.general class of instruments called _Extogo Boog 
LECTRODYNAMOMETERS. These instruments are the most versatile Sf 
and basic of all those presently in use since they can be used to measure ac ; 

or de currents, voltages and power. The electrodynamometer can be used 


in a variety of ways, as will be shown in: the sections of this lesson that cover 
ammeters, voltmeters and wattmeters. 


HOLDER «a FLASK 
Electrostatic Movement 


The electrostatic type of meter mechanism is similar to a variable capacitor, 
and is the only device that measures voltage directly. In other words, the A 
mechanism is voltage sensitive rather than currént sensitive, as are the ele¢- 
trodynamic an mechanisms. € fo Oo move the indicator 
needle results from the attraction and repulsion caused by a voltage applied 
between fixed and movable plates. e attraction and repulsion is directly Ey aha 
proportional to the voltage between tlfe plates and the plate area; it is in- 

sescel  ofoportional to an CISeRectstthes terest the PlateE aoa: La 
to Obtain the sensitivity required in most applications, the plate areas must PLATES 
be either large or very closely spaced. Since the design of such a device 
may be limited in these respects, the other method remaining for developing 
sufficient torque, or force, is to increase the voltage between the plates. This 
is actually what is done since the electrostatic mechanism is used in HIGH- 
VOLTAGE ac measurements. These instruments are known as ELECTRO- 
STATIC VOLTMETERS. yeaa: 


pe Se ee ee 


The principle of operation is illustrated by the GOLD LEAF ELECTRO- 
SCOPE shown in Figure 6A. A very thin, light strip of gold leaf or foil 
is suspended from a holder in an Erlenmeyer flask or glass jar. A voltage B 
applied to the holder is transferred to the leaf. The ends of the leaf will 
separate, or stand apart, from each other due to the repulsion of like charges 
in each arm of the strip. This device is sensitive and will indicate the pres- 


ence of small voltages. However, the device is only an indicator, and not POINTER 
an instrument. There is no calibrated dial and, therefore, no accurate meas- MOVING — 
PLATES 


urements can be obtained. The electroscope is capable of measuring small 
voltages because there is no high-friction, heavy mechanism to move. 


CASE 


An early instrument using an electrostatic movement was devised by Lord c 
Kelvin in 1887 and is shown in Figure 6B. Moving and fixed plates attract Figure 
each other, causing the moving plate to rotate against the restoring force of 6 
a spring. A modern version of the same mechanism is shown in Figure 6C. 
The meter is often fabricated in 312” panel size with multiple sets of plates, 
| : | and it measures from 150 to 3500 volts. 
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Moving Iron-Vane Movement 


MOVING-IRON METERS operate on the principle illustrated in Figure 7A. 
A soft iron bar is placed near a coil which is carrying current. This causes 
the bar to become magnetized, as shown in Figure 7A. The magnetic lines 
of force around the coil pass through the bar in the same direction as the 
lines of force induced in the bar by the coil. The lines of force around the 
coil and bar act like stretched rubber bands trying to shorten themselves, 
causing the bar to be attracted to the coil, or electromagnet. 


As the current in the coil reverses, the lines of force surrounding the coil 
and bar also reverse. Again the bar is attracted to the coil. Therefore, the 
bar is attracted to the coil regardless of the direction of current “in- the. coik: 
The magnetic bar can be attracted to the coil by either de or ac flowing in the 
coil. Soft iron is used for the bar, as it demagnetizes readily when the current 


through the coil ceases. 


There are two types of moving-iron meters — the _plunger-type and _repulsion- 
type moving-vanié. The PLUNGER TYPE meter is shown in Figure 7B. 
The movable soft iron bar with a pointer attached at a pivot point is placed 


Figure 8 


1055 
14 


partially inside the fixed coil. Current through the coil sets up a magnetic 
field. The soft iron bar becomes magnetized and is pulled further into the 
coil, moving the pointer. The distance the pointer moves depends upon the 
strength of the magnetic field, which in turn depends on the magnitude of 
current in the coil. 


The basic principle of REPUL ving-vane meters is shown in 
Figure 8. THE REPULSION- TYPE MOVEMENT, like the plunger-type, 
OPERATES ON_THE-—PRINGIPEE—THAT _ AN -ELECTROMAGNET 
MAGNETIZES SOFT IRON. Two iron bars are used instead of one, and 
both are “placed completely in inside the coil. When current flows, the bars 
are magnetized with the same polarity. Therefore, with like poles, the bars 
MOVE APART. As current reverses, the polarities of the bars reverse, and 
they again repel each other. 


When one bar is fixed and the other is free to move, the force of repulsion 
can be made to indicate the amount of current flow by attaching a pointer 
to the movable bar. Note also that the _Fepulsion- -type jnoyement can be 


used_to..measure.either ac or de. nat 


Two. groups of meters use this principle of repulsion. They are the radial- 
vane_and concentric-vane meters. In the | RADIAL-VANE- MOVEMENT; — 
shown in Figure 9A, two rectangular vanes are placed inside the coil. One 
vane is fixed and the other is free to rotate on pivots. The movable vane 
has a pointer attached. When current flows through the coil, the iron vanes 
become magnetized and repel each other. The movable vane rotates on its 
pivots, carrying with it the pointer that indicates on the scale the amount 
of current through the coil. The greater the coil current, the greater the 
pointer movement. The _radial-vane~movement—-has_LINEAR SCALE 
characteristics. That is, the scale divisions are equally spaced across its 
length. 


The CONCENTRIC-VANE_ MOVEMENT works on the same general 
principle as the radial-vane movement. It is described as concentric be- 
cause the semicircular vanes are placed one inside the other, as shown in 
Figure 9B. One vane is fixed and the other, with a pointer attached, is free 
to move on pivots. Repulsion-type.meters-ean-be-eonstructed to measure ac 
and dc, but are generally used_to.measure low- -frequency ac, The-coneentric- 
vane movement does 1 not have Jinear-seale-characteristics. ~The scale char- 


tae aetna ee 


SCALE. _ ae ate PM 


Square Law Scale 


A D/Arsonval meter has: mie linear scal scale because the Pointer ne 
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ADJUSTMENT 
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Figure 
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TENSION 
SPRING 


some moving iron-vane meters, hot-wire ammeters and thermocouple am- 
meters, the pointer deflection is NOT directly proportional to the amount 
of current flow. In_a_concentric-vane meter, for example, if the current is 
doubled, the magnetic field around “each vane is twice as strong. Since each 


vane repels twice as much, the combined repulsion of the two vanes is four 
times as great. 


Thus, the POINTER SWING IN A CONCENTRIC-VANE~METER 


SSS ee 


VARIES WITH THE SQUARE ) OF TE THE CURRENT, DOUBLING THE 
CURRENT results in FOUR TIMES THE DEFLECTION. Therefore, 
deflection is said to be SQUARE LAW. The scale of a square law meter 
appears nonlinear like the scale of the hot-wire ammeter of Figure 10. The 
numbers on the low end of the scale are crowded closer together, whereas 


the numbers at the high end are farther apart. 


Hot-Wire Movement 


A HOT-WIRE AMMETER movement uses-the. physical effects of heat gen- 
erated by current flow in a wire. The physical change in ‘the wire moves a 
pointer which registers ‘the current in the circuit. Figure 10 shows the basic 
arrangement. The movement is connected in series with the load through 
terminals A and B. Inside the meter, wire 1 carries the current. Wire 2 is 
attached near the center of the current-carrying wire, and pulls on it with a 
tension controlled by a spring. Wire 2 is wrapped around the round base of 


a pivoted indicating pointer, and is used as a drive wire for the pointer. 


When current passes through wire 1, the wire heats in proportion to the 
square of the current. The higher the current, the greater the amount of heat 
generated, and the more wire 1 expands. As wire 1 expands, the drive wire, 
2, is pulled down by the tension of the spring. Wire 2, attached to the base 
of the pointer pivot, drives the pointer across the scale. The pointer is ad- 
justed to read zero with zero current by means of a screw that regulates the 
normal sag in wire 1. 


SS 


instrument are numerous, and fave been Le eee for its replacement by 
other types of equipment. The zero setting is indefinite and requires frequent 
adjustment. It is slow acting and consumes an appreciable amount of energy 


to produce a readable indication. As a oe: it is ‘Not as ‘Sensitive as other: 


instruments. Jed hts. 


bt ee Movement 


METER movements are » generally-uset oT Sa prensa They 
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The following Practice Exercise questions cover the subjects which you 
have just studied. They are: 


METER MOVEMENTS 
MAGNETIC EFFECT 
GALVANOMETERS 
D’ARSONVAL MOVEMENT 
ELECTRODYNAMIC MOVEMENT 
ELECTROSTATIC MOVEMENT 


MOVING IRON-VANE MOVEMENT 


What rule is used for determining the direction of an electromagnetic 
field? 


The strength of the magnetic field around a current-carrying wire varies 
with the amount of current in the wire. True or False? 


In an electric circuit, a laboratory galvanometer indicates the presence 
of (a) voltage, (b) resistance, (c) current. 


TED GS Ae seat has Sa is AE a ERI Sa ee ES CE 
meter movement of Figure 3D, a coil of wire between the poles of a 
permanent magnet is rotated by the effect of an electric current in the 
coil. 


In the moving-coil assembly of Figure 3B, one function of the coiled hair 
spring is to hold the pointer at the zero position when there is zero 
current in the coil. True or False? 


Reversing the current through the coil in the meter movement of Figure 
3D has no effect on the direction of pointer motion. True or False? 


In what type of meter movement is the stationary magnetic field pro- 
duced by a system of field coils? 


The electrodynamometer can be used to measure (a) ac only, (b) de 
only, (c) both ac and dc. 
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9. A mechanism that is voltage sensitive rather than current sensitive is 
known as (a) electrodynamic, (b) electrostatic. 


10. The Gold Leaf Electroscope is an instrument used to obtain accurate 
measurements of very small voltages. True or False? 


11. Attraction and repulsion of electrostatic charges in an electrostatic volt- 
meter is directly proportional to increasing distance between the plates. 
True or False? 


12. Two basic types of moving-iron meters are the ____—=—=—=—=——=—SSS—S—S< rind 
moving-vane meters, 


MEASURING DEVICES 


are used in transmitters to measure antenna current and r-f power. An ex- 
ample of a thermocouple meter is shown in Figure 11. 


The heated element in a thermocouple meter movement, shown as wire A in 
Figure 11, is placed in series with the circuit under test. Wire A is attached 
to the junction of two different metals, or a bimetallic strip, which forms the 
thermocouple. The THERMOCOUPLE has the property of generating a dc 
voltage when the junction of the dissimilar metals is heated — 


eemeome ee 
— —— aa ae 
Rn renee tN nn tee sense a, 


If 1 ampere of current flows through a wire of a certain size, a certain amount 
of heat is generated. The quantity of heat is exactly the same for 1 ampere 


of low-frequency ac, high-frequency ac, or de. The thermoelectric effect, 


eee 


therefore, can be used to measure any kind of current. 


ee, 


Figure 


The current, I, in Figure 11 heats wire A, which then heats the thermocouple. H 
A small de voltage is generated and appears across terminals C and D. This 

voltage is proportional to the amount of heat generated, which is propor- 

tional to the current in the circuit. 


Within the limits of the thermocouple, the more current in the circuit, the 
more heat at the junction and the greater the dc voltage generated. The 
voltage across terminals C and D is then applied to a permanent-magnet 
moving-coil de meter An important point to keep in mind is that either ac 
or de can be sent through wire A to heat the thermocouple. Regardless of 
the kind of current through wire A, only dc voltage appears at the free ends 
of the thermocouple. The complete unit combines both the thermoelectric 


and electromagnetic principles of operation. 


SUSPENSION SYSTEMS 


The suspension system of a meter movement allows the moving coil to turn 
freely on its axis and supports the moving coil in the movement. The coil 


cesta 


reading. Without a good suspension system, the pointer swings across the 
scale in a jumping or jerking manner, resulting in poor performance of the 
movement. Therefore, the problem of supporting the moving coil is very 
important. 


There are several ways in which the coil may be supported. PIVOT-AND- 


y JEWEL bearings and TAUT-BAND suspensions are the most commion. 
R ~ eee 
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ADJUSTMENT Figure 12A shows a typical pivot-and-jewel bearing. The pivot is pressed 
ee geal into a hollow shaft on the frame of the moving coil. This assembly rests in 
SAPPHIRE a pit in the sapphire jewel, and the jewel is set into a finely threaded screw 
for adjustment. 


The pivot is made of hardened steel, and the size of the pivot in various in- 
struments depends on the type and weight of the moving coil. The pivot 
radius varies from 0.0005 to 0.002 inch in most meters. A larger radius can 
be used to increase the load-carrying capacity of the pivot, but this in turn 
increases the amount of friction. 


MOVING cow__4 


AND FRAME 


Bearings are made of natural sapphire or synthetic jewels. The combination 


<— PIVOT of steel pivot and sapphire gives the lowest friction. Another material used 
for jewels in some instruments is glass. Glass has the advantage of being 

del dal i relatively cheap and also of being easily shaped. 

SPRING 
The radius of the pit in the jewel must be somewhat larger than the pivot. 
This reduces the amount of friction between the pivot and jewel. The jewel 
bearing of Figure 12A has the least friction of any commonly used instrument 
: bearing except that of the taut-band suspension system. 
Figure 

12 _ Rough handling of an instrument may cause the jewel to crack, or the pivot 


to deform. This would increase the normal pivot friction and give unsatis- 
factory operation until repairs are made. Jewels are sometimes spring 
mounted, as shown in Figure 12B, to lessen the chance of damage from shock. 


Pivot-and-jewel bearings present the problem _of friction between pivot and 
jewels, Which can cause inaccurate-readings. As an instrument grows older, 
more friction_develops~and the error becomes greater. Also, pivots and 
jewels can be damaged by shock, and they can produce sluggish operation 
if they become dirty. 


These problems are minimized in a TAUT-BAND suspension system, shown 
in Figure 13. Basically, the taut band serves three purposes: 
a re STS LD Ne aa 


a 
QQ) supports the moving coil; 


2.) provides restoring force to resist the force set up by moving-coil current; 
~seand 


( 3.) carries current to the moving coil. 


In a taut-band system, small metal bands, under tension, are used in place 
of the pivot-and-jewel bearing. An anchor and bumper assembly is used in 
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Figure 13 


place of the pivot, and a tension spring replaces the jewel bearing. The 
metal band is now suspended, under tension, between the anchor and tension 
spring to support the moving-coil assembly. 


The bumper and bumper stop limit axial and sidewise motion of the moving- 


coil assembly in the event of severe shock. Qne feature of this system is its 
low level of friction. Also, less power is required from the measured source 


ances 
oe eT eee 


“for full-scale deflection. ~ 
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The taut-band suspension system has been used in the past in precision lab- 
oratory instruments where high sensitivities were required. Often the torques 
involved were so low that the small frictions of pivot and jewel mechanisms 
had to be eliminated. Early taut-band movements could be used only in the 
upright position since the sag in the low torque bands would otherwise cause 
interference between moving and stationary parts within the instrument. 
Modern taut-band instruments, however, do not exhibit this disadvantage 
since the bands are placed under tension. Generally speaking, taut-band sus- 
pension instruments can be made with higher sensitivities than those using 
“pivots and_jewels, and can be used in any application~presently served by 


ge iS a ais 


DAMPING SYSTEMS 


The purpose of DAMPING is to get quick, correct meter readings from the 
pointer wii ng_it swing back and forth, or osciflate,before coming 


an 


to rest. We could say that damping acts like a brake-for the pointer. 


mers a —d 
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MEASURING DEVICES 


Damping falls into three classes: 


AER fet) ONE 2 Se eE ay 
1. Underdamped (oscillating). The pointer overshoots the true reading, 
and then swings back and forth until it settles down to the true reading. 


2. Overdamped. The pointer approaches the final position slowly and in a 
sluggish manner. 


3. Critically damped. The pointer comes to its final position in the shortest 
time that may be Obtained without overshooting. 


In damping an electrical instrument,it is generally desired to produce_a con- 
dition close to the critically damped_condition. However, the meter should 
be slightly underdamped so that the pointer overshoots its final position a 
small amount, then settles back to the reading without any further oscilla- 
tions. The slight overshoot gives assurancethat_the instrument_is~working 


properly and that the coil and pointer are not sticking. : 


Damping systems vary with different types of meters. The two most common 


types are _air-vane-damping-and-eleetromagnetic damping. In “an air-vane 


damping system, a light aluminum vane is mounted on the shaft of the moving 
element. As the moving element turns, the vane turns at the same time in an 
airtight chamber, as shown in Figure 14. As the aluminum vane moves, it 
compresses the air in front of it, causing the pointer to decrease in speed as 
it approaches its indicating position. When the pointer comes to a stop, there 
is no further damping or braking action. 


Inthe moving-coil meter, electromagnetic_damping_is_accomplished by the 
aluminum frame on-which the coil is wound. When the coil moves to indi- 


POINTER ALUMINUM DAMPING VANE 
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cate current, the aluminum frame itself acts like a one-turn coil. The frame 
cuts across the magnetic lines of force from the permanent magnet, and as a 
result, a voltage is induced in the aluminum frame. 


The current produced in the frame by the induced voltage sets up a magnetic 
field which opposes the magnetic field of the permanent magnet. This results 
in the braking action of the moving coil. 


As soon as the coil comes to rest, there is no cutting action. Thus, the voltage 
is no longer induced in the frame, and it does not produce its opposing field. 
When the coil returns to the zero position, this process is repeated in the 
opposite direction, providing braking action for the pointer. 


AMMETERS 


AMMETERS measure current and are connected in series with the circuit 
being. tested The resistance of the ammeter must be low to prevent a no-— 
ticeable decrease in circuit current. The ends of the moving coil are brought 


out to terminals used to connect the meter into a circuit. 


The construction of a given meter determines the range of values it can 
measure. The number of turns and size of wire of the coil, the physical size 
of the coil, the strength of the magnet and the strength of the control springs 
are factors which affect the meter range. 


Figure 15 shows a movement requiring a current of 1 ampere in its coil to 
set up a magnetic field strong enough to move the pointer completely across 
the scale. The pointer has full-scale deflection at this position, and a number 
1 is placed on the scale at this point. Values between 0 and 1 are also marked 
on the scale. When the scale is calibrated in this way, all that is required to 
measure any current between 0 and 1 ampere is to connect the meter in series 
with the circuit and read the value of current from the scale under the pointer. 


Ammeter Sensitivity 


AMMETER SENSITIVITY is—defin E CURRENT REQUIRED 
FOR _FULL-SCALE DEFLECTION OF THE METER POINTER. as 
ammeter that requires Tampere for full-scale deflection is said to have a 
sensitivity of 1 ampere. Similarly, a sensitivity of 1 mA means that 1 mil- 
liampere is required for full-scale deflection. Therefore, a 1 milliampere 


meter is more sensitive than a 1 ampere meter. 


Ammeter Shunts 


It was pointed out in the section on electrodynamic mechanisms than an elec- 
trodynamometer can be used as several different types of meters, depending 
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upon the way in which the elements are connected. The electrodynamometer, 
as shown previously in Figure SC, is a simple series circuit between the field 
coils and the moving coil. This basic arrangement, using no additional re- 
sistors or parallel connections, shows an electrodynamometer used as a MIL- 
LIAMMETER. A milliammeter is a meter which i i ed in milliampere 
divisions (1 milliampere — 1/1000 ampere). This device is sensitive, and 
canbe used to measure currents of only a few milliamperes. Sometimes a 
MICROAMMETER is used to measure very small amounts of current. A 
microammeter is a meter which is calibrated in microampere divisions (1 
microampere = 1/1,000,000 ampere). This device is extremely sensitive 
and can be used only to measure currents of a few microamperes. Since all 
of the current being measured must pass through the low-resistance moving 
coil, large currents would burn out the coil. We may, however, measure 


ears a_low-resistance SHUNT resistor, as shown in 


be selected to carry any desired portion of the total current. Consequently, © 
the meter scale can be calibrated to indicate the total current, even though 
the moving coil carries only a part of it. 


Current meters are referred to by their sensitivity ratings. This meter 
movement is called a microammeter since the instrument is designed for 
use only in the microampere (1 X 10° ampere) range. 

Courtesy Simpson Electric Co. 
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Shunt resistors may be used with either D’Arsonval or electrodynamic meter 


movements. Fg er I ed Ch ee 


Shunt Calculations 


Figure 17 shows an arrangement of a milliammeter, two shunt resistors, and 
a three-position switch. To calculate the proper shunt resistances, we will 
assume that the moving coil has a resistance, R,,, of 50 ohms. The required 
current for full-scale deflection is 1 milliampere (.001 ampere). With the 
switch in the 1 mA position, as shown in Figure 17, the shunts are discon- 
nected. Thus, the moving coil carries the entire current between the negative 
and positive meter terminals. A circuit current of 1 mA causes full-scale 
deflection of the meter pointer. 


Moving switch S; to the 10 mA position connects shunt R; across the moving 
coil, providing two parallel current paths between the meter terminals. For 
full-scale deflection, the meter movement must still carry its maximum current 
of 1 mA. With a full-scale value of 10 mA applied to the meter movement 
and shunt in parallel, the shunt must carry the difference between 10 mA 
and 1 mA, which is 9 mA (.009 ampere). 


With a 1-mA (.001 ampere), 50-ohm moving coil, the resistance of shunt 
Ri, for a 10 mA range, can be found. Using Ohm’s Law, the voltage across 
the coil, En, is .001 times 50, or .05 volt. Since the coil and R; are in 
parallel, the voltages across them are the same. Therefore, we know the 
voltage across and the current through R;. According to Ohm’s Law, the 
resistance of R, is: 


R,; = Pe, = 5.55 ohms. 


.009 


Turning switch S,; to the 100 mA position disconnects R; and connects Rz 
across the moving coil. For the 100 mA range the current through Rz is 
100 — 1, or 99 mA (.099 ampere). Since the voltage is still the same across 
the coil for this range, Ez is .05V and Rg is: 


This is the shunt resistance calculated for the 100 mA range for a 1-mA, 


50-ohm moving coil. 
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Regardless of its magnitude, the current always divides between the moving 
coil and shunt in exactly the same ratio. Referring again to Figure 17, Ri 
carries nine times as much current as the moving coil. That is, with a total 
current of 10 mA, shunt R, carries 9 mA and the moving coil 1 mA. When 
the total current is reduced to 8 mA, the moving coil carries .8 mA and the 
shunt carries nine times .8 mA, or 7.2 mA. If the total current is 4 mA, the 
moving coil carries .4 mA and the shunt carries nine times .4 mA, or 3.6 mA. 


Thus, with R, in the circuit, the coil always carries one-tenth of the total 
current. This can be indicated directly on the scale by moving the decimal 
points so the scale reads the total current instead of the current through the 
coil. In Figure 17, the scale divisions for the 10 mA range would be 0, 2, 4, 
6, 8, 10. With shunt Rz in the circuit, the moving coil carries one-hundredth 
of the total current. This can be indicated by marking the scale of Figure 17 
to read 0, 20, 40, 60, 80, 100. 


Although shunts are used to EXTEND the range of t hey-cannot_be 


— 


DC VOLTMETERS 


tere The D’Arsonval movement used as an ammeter in Figure 15 can also be 

COIL used as a VOLTMEFER, as shown in Figure 18. The meter scale is now 
calibrated to read voltage when the moving coil leads are paralleled with a 
circuit through current-limiting resistor Rj. 


—— 5 A D’Arsonval movement is operated by the magnetic effect of an electric 
US current in its coil. A voltmeter is actually operated by the current through 
Figure its coil. The scale is calibrated to read the voltage required across its ter- 
18 minals to cause a given amount of meter pointer deflection. 
FIELD COIL 


The basic electrodynamometer circuit shown in Figure 5C can also be used 
as a voltmeter. Just as the basic series circuit required a shunt resistor to, 


MOVING — measure larger currents, the same circuit, with the addition of a SERIES- 


SOURCE LIMITING resistor, can be used-to~measure larger voltages. When con- 
Secret ae ahaha ia Pica ON REGRET Te ona ARTE The limiting 
resistor is placed in series with all three coils, and the components form a 
complete series circuit. Although the shunt resistor in an ammeter has a low- 
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following Practice Exercise questions cover the subjects which you 
just studied. They are: 


-METER MOVEMENTS 
SQUARE LAW SCALE 
HOT-WIRE MOVEMENT 
THERMOCOUPLE MOVEMENT 
SUSPENSION SYSTEMS 
DAMPING SYSTEMS 
AMMETERS 
AMMETER SENSITIVITY 
AMMETER SHUNTS 


SHUNT CALCULATIONS 


- Meters which register according to the square law rather than in direct 


proportion to the amount of current flow are (a) moving-coil meters, 
(b) moving-vane meters. 


- Hot-wire ammeters depend on what physical effect to register current 


in an electric circuit? 


- The thermocouple meter is only capable of measuring direct current. 


True or False? 
What purpose does the suspension system serve in a meter movement? 


Pivot-and-jewel bearings are sometimes spring mounted to lessen the 
damage from shock. True or False? 


Compared to pivot-and-jewel bearings, the friction in taut-band suspen- 
sion systems is (a) greater, (b) less. 


Damping in a meter movement acts like a brake for the moving coil and 
pointer. True or False? 


The two types of damping used in electric meters are__ sand 
damping. 


The coil resistance must be high in a meter movement that serves as 
an ammeter. True or False? 


MEASURING DEVICES Q2A 


22. 


23. 


24. 


ZO 


Compared to a milliammeter with a sensitivity of 1 milliampere, a 
1-ampere ammeter has (a) a greater sensitivity, (b) less sensitivity, (c) 
the same sensitivity. 


A milliammeter has a sensitivity of 10 mA. What is the minimum 
amount of current required to deflect the pointer to full scale? 


Assume that the ammeter of Figure 17 has a coil resistance of 1000 
and requires 1 mA for full-scale deflection. What are the values of 
shunt resistors R, and R, to provide ranges of 10 mA and 100 mA, 
respectively? 


Shunts can be used to make a meter indicate lower currents than those 
for which the meter movement is designed. True or False? 
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connected in parallel with the-voltage-to-be-measured, Because the meter is 
current sensitive, it is necessary to limit the current flowing through the mov- 
ing coil to a safe level when connecting the meter to measure voltages. The 
current divides at the point of measurement when the voltmeter is placed in 
parallel with the circuit under test, and the amount of current through the 
ee coil oul be small if the series-limiting-resistor-is large. —-"-— 
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Voltmeter Sensitivity 


The sensitivity of a meter movement is a measurement of the current re- 
quired for full- scale. deflection. Meters that require low current for full-scale” 
deflection of the pointer are more sensitive than meters that require high cur- 
rent for the same deflection. Most voltmeters use movements of relatively 
high sensitivity, as a sensitive movement requires little current from the circuit 
under test and disturbs circuit operation less, producing less error in the 
reading. 


| of Teferring | to_the_sensitivityof_voltmeters. in terms of the current 
required for full-scale deflection, it is common to state the voltmeter_sensi- 
tivity in terms of r ohms-per-volt (ohms/volt). This means that the meter 
circuit resistance is a certain number of ohms for each volt, at full-scale de- 
flection. In Figure 18, assume that the total resistance of the meter circuit is 
100,000 ohms for a full-scale reading of 100 volts. Thus, its Sensitivity is 
100,000 ohms ns divided d by 100 volts, or 1000 ohms /Vvolt. IX ‘meter movement 


The ohms/volt rating of any meter can be calculated _by dividing 1 _by the 
full- scale current rating of the meter. Thus: A epee 


1 


ohms-per-volt = ————________ 
full scale current 


For example, a meter requiring 1 mA for full-scale deflection has an ohms- 
per-volt rating of 1/.001, or 1000. If the meter movement of Figure 18 re- 
quired 100 microamperes (.0001 ampere) for full-scale deflection, the sen- 
sitivity rating would be: 


pelo = 10,000 ohms-per-volt. 


Y .0001 
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Voltmeter Multipliers 


A voltmeter is basically.an.ammeter with a series resistance to limit the cur- 


rent-through the meter ‘movement. Thus, we can adapt the ammeter of Figure 


15 to operate as a voltmeter. Let us assume that the moving coil has a re- 
sistance of 50 ohms and requires a current of 1 mA for full-scale deflection. 


When connected directly across any two points of different potentials, the 
resistance of the voltmeter circuit must be high enough to limit the current 
to that required for full-scale deflection. Therefore, resistor R; is connected 
in series with the moving coil; Ry is called « a a MULTIPLIER Tesistor, or 
SI MARC RM ITNGts Kogmgerrnerses cae ore cn at nS 


Let’s determine what is required to permit the voltmeter of Figure 18 to in- 
dicate a maximum potential of 100 volts. One milliampere of current in the 
moving coil produces full-scale deflection. Therefore, the total resistance of 
R, plus the resistance of the moving coil, which is 50 ohms, must be such 
that the current is limited to 1 milliampere when 100 volts is applied. Sub- 
stituting the known current and voltage into Ohm’s Law, the total resistance 
must be: 


— 100 
~ 001 


= 100,000 ohms. 


The value of R; can be determined by subtracting the resistance of the moving 
coil from the total resistance: 100,000 — 50 = 99,950 ohms. Then, with 100 
volts across the terminals, the voltage is across a total resistance of 100,000 
ohms, and the current is 100/100,000, or 1 milliampere, for full-scale de- 
flection of the pointer. Thus, a number 100 is marked on the high end of 
the scale. 


Additional values between 0 and 100 can be located on the scale by applying 
different voltages to the terminals and marking the scale accordingly. For 
example, with 50 volts applied to the terminals, the number 50 can be marked 
on the scale where the pointer stops. After the scale is calibrated, any po- 
tential between 0 and 100 volts can be measured merely by applying it to 
the meter terminals and reading the indicated voltage. 
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A single range voltmeter is limited in application. If 2 or 3 volts is applied 
to the 100-volt meter of Figure 18, the resulting pointer deflection is so small 
that it is difficult to read on the scale. 


A multi-range voltmeter is convenient for measurement of voltages ranging 
from a fraction of a volt to several hundred volts. To obtain multi-range op- 
eration, a single meter movement is supplied with several multipliers, ar- 
ranged so that the proper one can be selected by means of a switch or by 
using separate terminals. For example, in Figure 20, multipliers Ri, Ro, Rs 
and Ry, are connected in series between the moving coil and the 1000-volt 
terminal. The junctions between the resistors are connected to additional 
terminals to provide ranges of 10, 100, 500 and 1000 volts. With one test 
lead connected directly to one end of the moving coil (the negative terminal 
of the meter), the desired voltage range is selected by connecting a second 
test lead into one of the four other terminals. DC voltages of either polarity 
can be measured by simply reversing the leads to the circuit. 


RECTIFIER-TYPE AC VOLTMETERS 


As we learned earlier, a Permanent-Magnet Moving-Coil mechanism such as 
the D’Arsonval movement cannot be used to measure ac. is was discussed 


in the séction on electrodynamic meter movements. 


It was pointed out that in trying to measure ac with a PMMC movement, 
the pointer would merely vibrate or oscillate around the zero point, and no 
reading would be obtained. This is because the current through the moving 
coil constantly changes direction, thus reversing the polarity of the electro- 
magnetic field. This effect can_be overcome. _by__using--a_FULL-WAVE 


BRIDGE in_the meter circuit, thus maintaining current in one direction” 


through the m moving coil. As shown in Figure 21, an ac voltage is impressed 
across a circuit consisting of diodes D;, D2, D3 and D,, the moving coil, and 
resistor Ry. 


Current flow for each positive half cycle divides as shown by the solid arrows 
in the figure. Current flow for the negative half cycles is shown by the dashed 
arrows. The diodes in the circuit permit conduction through the meter move- 
ment in only one direction. Therefore, the electromagnetic field generated by 
the current maintains constant polarity, and the meter functions in the same 
way as when measuring dc. 


The diodes provide full-wave rectification through the meter movement, and 
pointer deflection | caused by the _current through» the moving coil is the_ 
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AVERAGE-VALUE of the alternating voltage. The-meter-seale, however, 


eat 


is calibrated to provide readings e most widely used and ac- 


cepted measure of sinusoidal ac. The rms (Root Mean Square) value, how- 
ever, is actually the EFFECTIVE-VALUE. of an alternating current or 
voltage, and not the average value. We may literally say, that a sinusoidal 


current or voltage is onl .707 tim ive-as-an_equal amount of direct 
current.or voltage. Therefore, the effective or rms value of a sinusoidal wave= 


form is .707 of the peak value. Alanis ca) Ed LG SOM), ane 2eRI 


Assen 


es 


AC voltmeters are generally calibrated in RMS (Root 
Mean Square) volts, since this is the most widely used 
measure of ac. 

Courtesy Eico Electronic Instrument Co., Inc. 


average values is a constant, the meter may be calibrated to read rms_volts. 
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Multiplier Calculations 


The current required to operate a voltmeter must be supplied by the circuit 
under test. Therefore, to cause the least possible change in circuit conditions, 
voltmeter current must be low. For this reason, the movements in most volt- 
meters used with electronic equipment require very little current for full-scale 
deflection of the pointer. 


The multi-range voltmeter of Figure 20 uses a 1 mA meter movement which 
has a resistance of 50 ohms and a sensitivity of 1000 ohms-per-volt. To 
demonstrate the multiplier calculations, the resistances of Ri, Ro, Rs and Ry 
will be determined. Although Ohm’s Law can be used directly in these cal- 
culations, the ohms-per-volt rating of the meter makes the calculations simpler. 


As shown in Figure 20, for the 10-volt range the multiplier is R,, for the 
100-volt range it is R; + Roe, for the 500-volt range it is Ry + Ro + Rs, and 
for the 1000-volt range it is R; + Ro + Rs + Ry. Because R;, is part of all 
the multipliers, its value can be calculated first. Next Ro, then R3 and finally 
R, can be determined. 


Because there must be 1000 ohms-per-volt for full-scale deflection, the total 
resistance between the minus (—) and 10V terminals must be 10 times 1000, 
or 10,000 ohms. The total resistance of a series circuit is equal to the sum 
of the individual resistances. Therefore: 


Rea inn + Ri; 


where: R,, is the resistance of the meter movement. 


This can be rearranged to solve for R: 
Ry = Rr, — RB, 
=711).000 750 


= 9950 ohms. 


For the 100V range, the total resistance must be 100 x 1000, or 100,000 
ohms. From the previous calculations, R,, + R; was found to be 10,000 
ohms. Therefore: 


Ro = Rr — (Rn + Ri) 
= 100,000 — 10,000 


= 90,000 ohms. 
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500.7) 
es 


Figure 
22 


This same procedure is followed in calculating R; and Ry. For the 500V 
range: 


Rs = Rr — (Rn + Ri + Ro) 
= 500,000 — 100,000 
= 400,000 ohms. 


For the 1000V range: 


R4 — Ry => (Run SF R, aie Re oe R3;) 
= 1,000,000 — 500,000 ohms 
= 500,000 ohms. 


OHMMETERS 


It is often necessary to determine the resistance of a circuit or component. 
Resistance can be measured in several ways, but the simplest and most pop- 
ular way is to use a meter that reads directly in ohms. 


Ohm’s Law shows that with a constant voltage applied to a circuit, the cur- 
rent varies inversely with the resistance. Thus, if-aknown-voltage is applied 
to.a-device and-the-current is measured by—a-current_meter, the | pointer will 
deflect according to the resistance. Resistance readings can be marked on 
the scale instead of current readings. When the scale is calibrated directly in 
ohms, the instrument is called an OHMMETER. 


The SERIES OHMMETER of Figure 22 includes the same meter movement 
that was used previously, but the meter scale is now calibrated in ohms. 


In Figure 22, the scale of the ohmmeter is a NONLINEAR SCALE. Zero 
ohms is at the right end of the scale, and moving to the left across the scale 
the divisions become closer together. The extreme left end of the scale is 
marked infinity (0). This represents a resistance beyond the range of the 
meter. The circuit includes a battery as a voltage source, the moving coil of 
the meter, fixed resistor Rj, variable resistor R», and two external terminals. 
When an unknown resistance, Rx, is connected between the terminals, a 
series circuit is completed and the resulting current causes a deflection of the 
meter pointer. 


As the meter requires 1 mA for full-scale deflection, and a 4.5-volt battery is 
indicated, the circuit must include 4500 ohms of resistance to prevent ex- 
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cessive current when the Rx terminals are shorted. The total resistance con- 
sists of the moving coil, fixed resistor Ri, and enashe resistor Re. Resistor __ 


Re is called the o tiable—to. 


compensate for voltage variation as the batt ay “aide 


Tenens ee 


Although a single variable resistor could be used in place of R; and Rg, its 
adjustment would be extremely critical because of its wide range. With the 
arrangement shown, a fixed resistor of approximately 3500 ohms, the meter 
resistance of 50 ohms, and a variable resistor of 1000 ohms are placed in 
series. Thus, the circuit resistance can be varied from slightly above to almost 
1000 ohms below the required 4500 ohms by adjusting Rs, and the adjust- 
ment is not critical. Moreover, by having a_minimum_of_3500 ohms _re- 


sistance in the circuit, the possibility of an excessive. Current quuring o out t the 


meter movement is reduced. BP ee 


The Rx terminals are in series with the battery, moving coil and resistors. 
If the terminals are shorted and the circuit is adjusted to place 4.5 volts 
across 4500 ohms of resistance, by Ohm’s Law this condition allows 1 mA 
of current and the pointer moves all the way across the scale. Now, suppose 
a resistor of 1000 ohms is connected across the Rx terminals. The total 
resistance of the meter circuit is then increased from 4500 ohms to 5500 
ohms, and the meter will indicate a current of 4.5/5500, or .000818 ampere 
(.818 mA). When calibrating the scale, 1000 ohms is marked at this position 
since 1000 ohms is the resistance added to the circuit to cause this amount 
of pointer deflection. 


Using the same procedure, resistors of 2000, 5000, 10,000 and 500,000 
ohms can be connected between the Rx terminals, and the resistance values 
can be marked on the scale where the pointer comes to rest for each resistor. 
Precision resistors designed for calibration purposes must be used to get an 
accurate calibration of the scale. Having marked the scale at intervals with 
known resistance values, unknown resistances can then be read directly 
from the scale. 


Another type of ohmmeter, shown in Figure 23, is referred to as a, BACK- 
O TER. It Teceives S its name—fromr “the “fact that—when_ fesistance is 


“To obtain back-up Operation, ‘the 4, 5-volt battery, the meter 
movement, resistors R,; and Ry», and switch S; are all connected in series, and 
the Rx terminals are attached to each end of the moving coil. With this 
/ arrangement, any resistor connected between the Ry terminals is~shunted 
across the moving “eoit-and rec educes_ the meter reading. Switch S, is in- 
cluded so that the circuit may be turned off to prevent the battery from dis- 
charging when the meter is not in use. 
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With the switch closed and nothing connected across the Rx terminals, the 
circuit is the same as that of Figure 22 with the Rx terminals shorted. Thus, 
there is a full-scale deflection of the meter pointer and the infinity symbol 
(co) is placed at the right end of the scale. The zero reading is at the left, 
as a short between the Rx terminals would prevent current through the meter 
movement and would therefore cause zero pointer deflection. 


Let us assume that the moving coil in Figure 23 has a resistance of 50 ohms 
and requires 1 mA for full-scale deflection. With a 50-ohm resistor con- 
nected between the Rx terminals, the circuit current, still approximately 1 
mA, will divide equally between the moving coil and resistor. This gives a 
moving-coil current of approximately .5 mA, and the pointer will stop at the 
halfway point on the scale. This point can be marked 50, for in this case the 
“unknown resistance” is 50 ohms. 


This is an interesting point to remember. The center marking of any back-up 
scale ohmmeter indicates the internal resistance of the moving coil unless 
shunts-are-internally connected across the moving coil. In that case, the 
center scale marking indicates the combination of resistances. 


A back-up ohmmeter is calibrated in the same way as a series ohmmeter. 


_ However, because the resistance of the moving coil is comparatively low and 


because it determines the mid-scale value, the circuit of Figure 23 is used 
mainly for measurement of low resistance. 


The circuit of Figure 22 is more flexible, as the resistance ranges can be varied 
to take care of any practical measurement. The range depends not only on 
the sensitivity of the meter movement, but also on the supply voltage. Al- 
though a battery is shown, any source of dc voltage can be employed. For 
example, in a number of commercial units, a de voltage is obtained from an 
ac power outlet by employing a rectifier built in as a part of the ohmmeter 
circuit. 


Before making tests, the terminals of the series-type ohmmeter of Figure 22 
are shorted and variable resistor Ry is adjusted until the meter pointer indi- 
cates exactly 0 at the right edge of the scale Then the short is removed, 
and the value of an unknown resistance connected to the Rx terminals will 
be indicated on the scale. 


For the back-up meter of Figure 23, the Rx terminals are left open and, 
with switch S, closed, resistance R» is adjusted until the pointer deflects full 
scale to the « mark. Then the value of an unknown resistance connected 
between the Rx terminals will be indicated on the meter scale. 
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MULTIMETERS 


One of the most useful of all i ices is the Volt-Ohm-Milliam- 
meter > Or MULTIMETER. This instrument combines the circuits 


tence neta = 


24A, the circuits are similar to those already presented in this lesson and are 
easily recognizable. There are four ranges each for ac and de volts. The ac 
volts circuit is the bridge rectifier type. The meter also includes four ranges 
for resistance measurement, three for milliamperes and one for microam- 
peres. A 17-position switch connects the various circuits to the meter move- 
ment. In analyzing a circuit for a given function or switch position, assume 
that the four switch arrows move simultaneously and may be placed on the 
contacts opposite the desired function and level numbers. The VOQA and 
COM. terminals at the bottom of the diagram are the inputs to the meter. 
The leads, or probes, provide the input voltages and resistances to the meter 
circuits. A red or colored lead is used with the VOA input, and a black lead 
with the COM. input. As was pointed out earlier in this lesson, the meter _ 
uses a dc movement, and proper polarity must be observed for dc measure- 
ments. The meter will read positive dc voltages by placing a positive voltage 
on the VOQA probe and ground (common) on the COM. probe. To read 
negative dc voltages, the leads are reversed. Polarity need not be observed in 
measuring ac. 


When measuring dc by placing the meter in series with the circuit to be 
measured, the current direction must be determined beforehand. The black 
probe must then be placed in the more negative portion of the measured 
circuit. 


Resistances are measured by placing a probe on each resistor lead. Polarity 
need not be observed when measuring resistances, as the ohmmeter portion 
of the multimeter uses the internal battery as the power source. 


Since only one meter movement is used, the meter faceplate must have all 
the scales required for the various functions and ranges, as shown in Figure 
24A. The single upper scale is calibrated in ohms, and is used for measuring 
resistances on all resistance ranges. The ohmmeter uses multipliers as does 
the voltmeter, and since the multipliers may be expressed in powers of 10, 
only one resistance scale is required. The next 3 scales — 300, 60, and 
12 —are used for all dc measurements, including volts, milliamps and 
microamps. A similar set of scales appears below the dc scales. These are 
for ac volt measurements. The lowest scale is used for ac voltage measure- 
ments on the 3-volt range only. 


The milliammeter, dc voltmeter, ac voltmeter and ohmmeter circuits of 
Figures 17, 20, 21 and 22 are combined in the multimeter circuit (Figure 
24A). Placing the switch contacts of S, in the 300V DC position (level 1) 
completes a voltmeter circuit similar to the 1000V circuit of Figure 20. 
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With the probes connected across the unknown voltage, current is drawn 
through the series circuit from wipers C and D of switch Sj, through contact 
D-1, the moving coil My, resistor Ro, Ra, Re, Rs, wiper S;,4, and VOA 
terminal. This circuit has the highest series resistance obtainable with this 
meter, and therefore, the highest voltage reading possible. 


Placing the switch contacts of S; on level 5, 6, 7 or 8 places a shunt resistor 
in parallel with M, permitting the multimeter to be used as a milliammeter. 
The milliammeter portion of Figure 24A is similar to the circuit of Figure 17. 
In Figure 24A, resistors Ris, R14, Rig and Rig are the ammeter shunts. Since 
a low-resistance ammeter shunt permits the measurement of higher currents, 
Rig would have the lowest value_and Rj» the highest. Note that at level 5 
while S,, connects the positive side of the meter to Ris, Si, and Si¢ connect 
the VOA and COM. leads across Ris. 


ee tics 


we 


50% 


0 orF § 9 
: a of 


This portable multimeter uses circuitry similar to that 

shown in Figure 24. Most of the measurement functions 

and ranges can be selected with a single switch. 
Courtesy Triplett Electrical Instrument Co. 
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Placing the S; switch contacts on level 9, 10, 11 or 12 permits the measure- 
ment of resistance. Figure 24B is an equivalent but simplified arrangement 
of level 10 of the ohmmeter section in Figure 24A. Note that although S, 
contacts A, B and C in Figure 24B are closed, no current will flow in the 
circuit until the unknown resistance Rx is placed in the circuit. 


Ris25100n 


Figure 24 


With the S; wipers at level 10 in Figure 24A, the unknown resistance is 
applied to one side of B,; and Rs. This completes a series-parallel circuit 
from the S,, wiper (level 10), through the battery By, Rio, Mi, Sig (level 10), 
Sip (level 10), the COM. jack, the unknown resistor Rx, the ohms jack, and 
back to Sia. 


Placing the S; wipers at level 13, 14, 15 or 16 connects the meter movement 
and external voltages to a half-wave rectifier-type ac voltmeter circuit. With 
the wipers at level 16, a positive-going alternation of current appearing at 
the VOQA jack permits conduction from the COM. jack, through the meter 
coil (negative to positive), through S,3, D;, Rio, Rg, Rui, Rig and S:4. When 
a negative-going alternation appears at the VOQA jack, the only current path 
available is from the VOA jack, through S;,, Ris, Rui, Ro, Rig, Do, Sic, to the 
COM. jack, thus bypassing the meter coil. Current cannot flow through the 
meter circuit (from VOQA, Si,, resistors Ri3, Ri:, Ro, Rio, Do, Mi and S;,) 
because D, is reverse biased during a negative alternation. 


WATTMETERS 


Power in an _electrical_circuit-is-the rate~at_which energy is used and. _is 
measured in watts. Power measurements in electronics include m measure- 
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ments of the power taken from the line, the power input and output of trans- 
mitters and the power output of amplifiers and receivers. An electrodyna- 
mometer can be used as a WATTMETER, or power meter. 


FIELD COIL 


MOVING COIL 


——| 


SOURCE 
x LOAD 
FIELD COIL 
A 
Figure 25 


ment of power ae some load device connected across the power line. The— 


current through the load passes through the field coils, and a magnetic. field 
builds up around t them. “The current-through 1 the movable coils depends on_ 
the voltage across the load. The magnetic fields set up up by the “two coils 
cause the movable~-coil fo be repelled. The repulsion is directly propor- 
tional to the voltage across the load and also the current. ‘passing through 


the > load._1 Thus, the meter-pointer registers according to the power consump- 
tion, or the product of the voltage and the current (E X I). 


The electrodynamic meter movement used as a wattmeter electrically meas- 
ures the power consumption of a circuit by determining the voltage across 
the circuit and the current through the circuit. These measurements are not 
completely accurate, however, since a portion of the measured power is 
consumed by the meter. 


The power consumed by the wattmeter should be subtracted from the final 
wattmeter reading. The meter power can be easily checked by dist isconnecting 
the-Toad, as shown in Figure 25B. The field coil is now in series with the 
movable coil. The_uncompensated meter reads is its own power loss.This-is- 
the correction factor which should be. subtracted from the reading -with-the_ 
load connected. However, if the meter is compensated (has a_ built-in cor- 
rection factor), the reading will be zero. ciety: 
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ADDITIONAL WINDING 
IN SERIES WITH MOVING COIL 


FIELD COIL 


SOURCE 


i 


ADDITIONAL WINDING FIELD COIL 


IN SERIES WITH MOVING COIL 


C 
Figure 25 


The greatest portion of this loss is due to the parallel. connection between 
the loadand the ‘moving ~ coil. ‘Figure 25C-shows.a simple compensation 
technique for cancelling the ‘effect of the moving-coil | current. In this ar- 
rangement the field coil windings, shown in heavy lines, are the same as for 
the uncompensated circuit. The moving coil, however, is actually in series 
with two additional coils, as shown by the light lines. The extra coils of 
wire are wound on the field coils in the opposite direction of fhe original 
field coil windings. Since the current through the extra coils is the same as 
that through the=moving-coil, and the turns are wound “electromagnetically 
in series opposing with the field coils, the effect of the current drawn from 


the load i is peaiicctiod: 


Both the current and voltage coils have definite limit ratings, and overload 
on either one can damage the meter. For example, in a typical wattmeter 
designed to measure a maximum of 200 watts, the movable coil has a max- 
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imum rating of 130 volts and the field coil has a maximum rating of 3 am- 
peres. If either of these ratings is exceeded, overload and damage may occur. 


it would be if the current and oles were in ene This_effect-is-propor- 
tional to the amount of phase displacement between- voltage and current, so 
that the wattmeter automatically includes the power factor in the measure- 
ment. When other-types~of-meters—are~ used to measure ac power, itis 
necessary to multiply the product of effective current and effective voltage 
by the power factor to calculate the true power (P = E X I X pF). 


ERRORS IN USING METERS 


Every meter movement has a small but definite resistance. The current 
through this resistance produces a small voltage across it. As a result, the 
meter current affects the circuit being measured and a new circuit is created 
when a meter is inserted. 


Figure 26A shows the schematic diagram of a series circuit consisting of 
Ri, Rm and Battery E. If meter resistance Rn were zero, the circuit would 
have the same resistance that it had before the meter was inserted. Where 
E is 50 volts and R; is 10 ohms, the current would be 50 divided by 10, or 
5 amperes. 


If R, in Figure 26A is 1 ohm, the total circuit resistance increases to 11 
ohms, and the circuit current is 50 divided by 11, or 4.55 amperes. Thus, 
the meter indicates 5 — 4.55, or .45 ampere less than the circuit normally 
has. This difference is the error introduced by the meter, due to its internal 
resistance. 


A similar situation occurs when a voltmeter is used, as shown in the circuit 
of Figure 26B. Without the voltmeter in this circuit, the current would be 
the same through R, and Re, since they are in series. However, the meter 
draws some current, so that there is more current through R,; than through 
Rs. The increased voltage drop across R; because of the added current 
means less voltage across Ro. This difference between the “unmetered” 
voltage across Ry and the voltage across Re when the meter is connected is 
the meter error. 


1055 
39 


MEASURING DEVICES 


Figure 
26 


MEASURING DEVICES 


VOLTAGE SOURCE 


VOLTMETER TO BE 
CALIBRATED 


VOLTAGE SOURCE 


AMMETER TO BE CALIBRATED 


Figure 
27 


Meter error is usually small enough to be disregarded. In selecting meters 
for various measurements, it is important to remember that the less internal 
resistance an ammeter has, the less error it introduces. Also, the more sensi- 
tive a voltmeter is, the less current it draws, and therefore, the less error it 
produces. In other words, a low-resistance ammeter introduces less error 
when used to measure current, and a high ohms-per-volt meter introduces 
less error when used to measure voltage. 


METER CALIBRATION 


At times, it is necessary to test the accuracy or CALIBRATION of meter 
movements. The easiest and simplest way to test or calibrate a meter is to 
compare it with a similar meter that is known to be accurate. Figure 27 
shows the arrangement for testing voltmeters and ammeters. In both in- 
stances, the square meter is assumed to be correct, and it is used to check 
the calibration of the round meter. 


Figure 27A is the arrangement for testing voltmeters. The voltmeters are 
connected in parallel. This is because voltages across the branches of a 
parallel circuit are equal. To compare readings at different points on the 


- scale, a high-resistance potentiometer is connected directly across the voltage 


source. By changing the position of the movable contact of the potentiome- 
ter, the voltage across the meters can be varied to check their readings at 
various points on the scale. The readings should be checked in steps from 
zero to full-scale deflection and then from full-scale deflection back to zero. 


Figure 27B shows the arrangement for testing ammeters. The meters are 
now connected in series, as current is the same through a series circuit. To 
protect the meters, always set the rheostat at maximum resistance before 
connecting the circuit to a voltage source. By changing the position of the 
movable contact of the rheostat, the resistance of the circuit is changed. 
Thus, the current is varied to provide readings at various points on the meter 
scale. The readings should be checked in steps from zero to full-scale de- 
flection, and then from full-scale deflection back to zero. 
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following Practice Exercise questions cover the subjects which you 
just studied. They are: 


DC VOLTMETERS 


VOLTMETER SENSITIVITY 


VOLTMETER MULTIPLIERS 


RECTIFIER-TYPE AC VOLTMETERS 


MULTIPLIER CALCULATIONS 


OHMMETERS 


MULTIMETERS 


WATTMETERS 


ERRORS IN USING METERS 


METER CALIBRATION 


Resistors connected in series with the moving coil in a voltmeter circuit 
are called 


Assume that the moving coil of Figure 20 now has a resistance of 100 
ohms and requires 1 mA for full-scale deflection. What are the values 
of multiplier resistors R, and R, for the 10V and 100V ranges only? 


What term is used to express voltmeter sensitivity? 


Current through the coil of a rectifier-type ac meter produces pointer 
deflection which is equal to- EFFECTIVE value of an alternating cur- 
rent. True or False? 
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30. 


31. 


32. 


33. 


34. 


De 


36. 


Sir 


38. 


39. 


40. 


41. 


In the series type ohmmeter of Figure 22, a short or zero resistance be- 
tween the R, terminals causes the pointer to deflect full scale. True 
or False? 


The circuit of Figure 23 is called a ____________ oh mmeter. 


What symbol is used to indicate a resistance beyond the range of an 
ohmmeter? 


A back-up ohmmeter is used mainly for measuring low resistance. True 
or False? 


In the milliammeter circuit of Figure 24A, R,, would have a higher 
resistance value than R,,. True or False? 


What is the function of R,; in Figure 24A? 


In the meter of Figure 24A, the ohms section consists of a back-up 
ohmmeter. True or False? 


When connecting a wattmeter to a circuit, how are the field coils of 
the wattmeter connected (in parallel or series with the load)? How is 
the moving-coil connected (in parallel or series with the load)? 


A series circuit such as that of Figure 26A consists of a 100-volt battery 
in series with a 1000-ohm resistor, and an ammeter with a resistance 
of 50 ohms. What is the error, in amperes, introduced into the circuit 
by the meter? 


The greater the sensitivity of a voltmeter, the less error it introduces. 
True or False? 

To test or calibrate a voltmeter, it is placed in __________ with 
a voltmeter known to be accurate. 

To test or calibrate an ammeter, it is placed in ______ with an 


ammeter known to be accurate. 
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SUMMARY 


This lesson describes the basic types of instruments used in electrical meas- 
urements. Galvanometers are used to indicate or measure small currents in 
bridge circuits and other sensitive measuring circuits. 


The D’Arsonval movement is used in most electronic instruments for meas- 
uring voltage and current. The moving coil is placed in the field of a perma- 
nent magnet. A direct current through the coil produces a magnetic field 
opposing that of the permanent magnet. The interaction of the magnetic 
fields causes the moving coil to rotate. The greater the field caused by the 
current in the coil, the greater the deflection of the pointer attached to the 
coil. 


An ammeter is placed in series with an electrical circuit for current measure- 
ments. The ammeter must have low resistance to avoid adding an appre- 
ciable resistance to the electrical circuit. The less current required for full- 
scale deflection, the more sensitive the meter. The current range of the am- 
meter is extended by use of resistors, or shunts, connected across the terminals 
of the ammeter. 


A voltmeter is basically a current-operated instrument. It is placed across 
the voltage source to measure the electric pressure. It must have high 
resistance to prevent any noticeable change in the circuit being tested. 


The sensitivity of a voltmeter is expressed in ohms-per-volt: 


1 
hins-per.V0| 0 
Cae ke, full scale current 


Resistors called multipliers are connected in series with the moving coil to 
extend the voltage range of the meter. 


Ohmmeters are used to measure resistance. Two classes of ohmmeters are 
the series type and the back-up type. 


A multimeter combines various circuits for measuring ac or dc voltage, direct 
current and resistance. By use of a multiple position switch, the desired 
circuit can be selected. 
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A wattmeter indicates the amount of power in an electrical circuit. To do 
this, the meter measures both voltage and current, and gives a reading that 
is effectively the product of the two (P = E x J). 


Besides the D’Arsonval and electrodynamometer meter movements, other 
meters described in this lesson can be used to measure ac or de by modifying 
the meter circuit and calibrating the meter scale in terms of the desired units. 
The normal use of the repulsion, or moving-vane, meter is to measure ac. 
In electrical and radio work, thermocouple meters are used in r-f measure- 
ments. 


With the information presented in this lesson, we can determine the best 
type of meter for a given purpose. In special cases, it is necessary to modify 
these basic types of meters to suit our needs. 
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AMMETER — An electric instrument calibrated in amperes and used for 
current measurements. 


AVERAGE VALUE — The average of all instantaneous values of voltage 
or current taken for a half cycle of a sinewave. It is the product of 
0.637 times the peak amplitude of the sinewave. 


BACK-UP OHMMETER — An ohmmeter in which the resistance to be 
measured is shunted across the meter movement. Infinite resistance 
is at the right of the scale, corresponding to full-scale deflection. Zero 
resistance is at the left of the scale, corresponding to zero deflection. 


CALIBRATION — A method of comparing an instrument, device or dial 
with a standard to determine its accuracy or to devise a scale. 


CONCENTRIC-VANE MOVEMENT — A meter movement which oper- 
ates on the moving-iron principle. Two concentric vanes are placed 
inside a moving coil and rotate with respect to each other under the 
force of repulsion. 


DAMPING — A procedure for reducing excessive pointer swing in meter 
movements. 


D’ARSONVAL GALVANOMETER — A type of direct current meter in 
which a lightweight coil of wire, supported on jewel bearings between 
the poles of a permanent magnet, is rotated by the effects of an electric 
current in the coil. 


EFFECTIVE VALUE — The value of alternating current or voltage equal 
to the product of 0.707 times the peak amplitude. It is the electric 
energy equivalent of an equal amount of direct current. 


ELECTRODYNAMOMETERS — Moving coil meters in which the sta- 
tionary magnetic field is provided by a system of fixed coils. 


ELECTROSTATIC VOLTMETERS — Voltage-sensitive devices which 
measure voltage directly by sensing an electrostatic charge on a system 
of plates in close proximity. 


GALVANOMETER — A device indicating the presence of current by 
mechanical motion due to the magnetic effect of the current. 
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IMPORTANT DEFINITIONS (Continued) 


GOLD LEAF ELECTROSCOPE — A sensitive indicator of the presence 
of an electrostatic charge. 


HOT-WIRE AMMETER — A form of meter movement that functions on 
the principle that wire expands when it is heated by current through it 
and contracts when it cools. By controlling the movement of a needle 
by this expansion and contraction, an indication of current through 
the wire may be achieved. 


LEFT HAND CURRENT RULE — When a wire is held in the left hand, 
with the thumb pointing in the direction of the electron flow, the fingers 
surround the wire in the same direction as the magnetic flux. 


LINEAR SCALE — A scale on which corresponding divisions are of equal 
size. 


METER MOVEMENT — That part of an electric meter in which electric 
energy is converted to mechanical energy. 


MICROAMMETER — An electric instrument calibrated in microamperes 
(millionths of 1 amp) designed to accurately measure currents less 
than 1 amp. 


MILLIAMMETER — An electric instrument calibrated in milliamperes 
(thousandths of 1 amp) designed to accurately measure currents less 
than 1 amp. 


MOVING-IRON METERS — Meter system operating on the principle that 
an electromagnet magnetizes soft iron. 


MULTIMETER (VOM) — A single device that combines the function of 
an ammeter, voltmeter and ohmmeter. It is also called a VOM. 


MULTIPLIER — A resistor connected in series with the meter movement 
to increase the range of a voltmeter. 


NONLINEAR SCALE — A meter scale, the divisions of which are crowded 
at one end and farther apart at the other end. 


OHMMETER — An electric instrument calibrated in ohms and used for 


resistance measurements. 
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IMPORTANT DEFINITIONS (Continued) 


PERMANENT-MAGNET MOVING-COIL (PMMC) — A general class of 
meter mechanism based on the D’Arsonval movement principles. 


RADIAL-VANE MOVEMENT — A meter movement which operates on 
the moving-iron principle. Two rectangular vanes, extending radially 
from each other, are placed inside a stationary coil, and are caused to 
move apart from the effect of magnetic repulsion. 


SENSITIVITY — Pertaining to meters, sensitivity is a measure of the current 
required for full-scale deflection. For a voltmeter it is expressed in 
ohms-per-volt. 


SERIES OHMMETER — An ohmmeter in which the resistance to be 
measured is placed in series with the meter movement and the ohm- 
meter voltage source. Infinite resistance is at the left of the meter scale, 
corresponding to zero deflection. Zero resistance is at the right of the 
scale, corresponding to the full-scale deflection. 


SHUNT — A resistor connected in parallel with the meter movement to 
increase the range of the current meter. 


SQUARE LAW SCALE — See NONLINEAR SCALE. 


TAUT BAND —A meter movement suspension system having very low 
friction characteristics. 


THERMOCOUPLE — A pair of dissimilar metals forming a junction at 
which a voltage is generated when heat is applied. 


THERMOCOUPLE AMMETER — An ammeter which is actuated by a 
voltage generated in a thermocouple which is heated by the current 
flowing in a wire. 


VOLTMETER — An electric instrument calibrated in volts and used for 
voltage measurements. 


WATTMETER — An electric instrument calibrated directly in -watts and 
used for power measurements. 
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10. 


11. 


12. 


13. 


PRACTICE EXERCISE SOLUTIONS 
The Left Hand Current Rule. 
True 
(c) current. 


external magnet D’Arsonval — This type of meter depends on the 
reaction between the magnetic field around a direct current carrying 
coil and a stationary magnetic field for its operation. 


True — Not only does the hairspring hold the pointer at the zero position 
for zero current in the coil, it also serves to connect the external circuit 
to the moving coil and to return the pointer to zero after a reading 
is made. 


False — The coil movement depends on the attraction and repulsion 
of the coil poles by the permanent magnet poles. Reversing the current 
through the coil reverses the magnetic polarity of the coil field, and thus 
causes the coil and attached pointer to move in the opposite direction. 


Electrodynamic. 


(c) both ac and dc. — When the direction of current through the meter 
coil is reversed, the magnetic polarity of both the fixed and movable 
coils is reversed, so that the turning force remains in the same direction. 


(b) electrostatic. 


False — The electroscope has no calibrated dial, and no qualitative 
measurement is possible. 


False — The attraction and repulsion required to operate an electro- 
static meter is INVERSELY proportional to the distance between the 
plates. 


plunger; repulsion 


(b) moving-vane meters — Moving-vane meters register according to 
the square law, while moving-coil meters register directly proportional 
to the amount of current flow in the moving coil. 
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PRACTICE EXERCISE SOLUTIONS (Continued) 


14. Heat — Hot-wire ammeters use the heat generated by current flow in 
a current-carrying wire to expand the wire, thus allowing the pointer 
to move. 


15. False — The thermocouple meter measures both ac and dc. However, 
the output of the thermocouple device is dc, which is applied to a 
moving-coil meter movement. 


16. The purpose of suspension systems is to support the moving coil and 
allow the moving coil to turn freely on its axis. 


17. True — The springs absorb the shock from rough handling. 


18. (b) less. 


19. True — Damping slows down the pointer as it approaches the desired 
reading and as it returns to zero. 


20. air-vane; electromagnetic 


21. False — The coil resistance must be low to prevent any appreciable 
decrease in circuit current because the ammeter is placed in series with 
the current it measures. 


22. (b) less sensitivity. — The less current an ammeter movement draws for 
full-scale deflection, the more sensitive the ammeter is. 


23. 10 mA. — This current is also the sensitivity of the ammeter, 


24. R, = 11.11; R. = 1.01 ohms. — With the switch set to the 10 mA 
range, resistor R, is connected across the moving coil. By Ohm’s Law 
(E = IR), the voltage across the moving coil for full-scale deflection is 
001 x 100 = .1 volt. R, must carry 9 mA (.099 ampere) for full-scale 
deflection when the meter is switched to the 10 mA range. With .1 volt 
across R,, and a current of .009 ampere through the resistor, the re- 
sistance value is: 


= —— — 11.11 ohms. 


E ° 
R, ———— e 
I 009 
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PRACTICE EXERCISE SOLUTIONS (Continued) 


25. 


26. 


27. 


28. 


29. 


30. 


For the 100 mA range, R, is connected across the meter coil. This 
resistor must carry 99 mA (.099 ampere) with a voltage of .1 volt ap- 
plied. By Ohm’s Law: 


al 


Ro = 999 


= 1.01 ohms. 


False — Shunts can only be used to increase the maximum range of 
an ammeter. 


multipliers — These resistors prevent the current in the meter circuit 
from exceeding the full-scale value of the moving coil when the meter 
is connected across the voltage source. 


R, = 9900 ohms; R, = 90,000 ohms. — For the 10V range, the total 
resistance consists of the coil resistance and R, in series. With 10 volts 
applied to this series circuit, the resistance required to limit the meter 
current to a full-scale value of 1 mA (.001 ampere) is: 


a es Ce 
R,; = 7 = SrA = 10,000. 


The coil provides 100 ohms of this total, so multiplier R; must have a 
value of 10,000 — 100, or 9900 ohms. 


For the 100V range, the total resistance is that of R,, R2 and the coil 
in series. With 100 volts applied, the resistance required to limit the 
current to 1 mA is: 


R= *. = rh = 100,000 ohms. 


The coil and R, provide 10,000 ohms of the total. Multiplier R. must 
provide 100,000 ohms — 10,000 ohms, or 90,000 ohms. 


Ohms-Per-Volt. 


False — Current through the coil produces pointer deflection equal to the 
AVERAGE value. 


True 
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31. 


32. 


33. 


34. 


35. 


36. 


37. 


38. 


39. 


back-up — The back-up ohmmeter receives its name from the fact 
that when resistance is measured, the pointer moves in a direction 
backward to that of the series-type ohmmeter. 


co (infinity). 
True 


False — In order to measure 12 mA as opposed to 1.2 mA, R,,¢ would 
have a lower resistance value than R,,. 


The Ohms Adjust control. 
False — The ohms scale is that of a series-type meter. 


The field coils are in series with the load, and the moving coil is in 
parallel with the load. 


0048 ampere (approximately).— With no meter in the circuit, the 
current is: 


E 100 
= — — —— —.1 ampere. 
R, ~ 1000 fois 


When the meter resistance of 50 ohms is added to the circuit, the re- 
sistance increases to 1000 + 50, or 1050 ohms, and the current is: 


E — 100 = .0952 ampere (approximately). 


li=-————_ = = 
R, + Ra 1050 
The meter error is the difference between the two values: 


-1 — .0952 = .0048 ampere. 


True — The voltmeter is basically a current-operated device. The less 
current it takes to move the coil, the more sensitive the meter is. 


40. parallel 


41. 


series 
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1. B- WHEN BROUGHT NEAR A CURRENT-CARRYING CONDUCTOR, A COMPASS NEEDLE -- TENDS TO 
ALIGN ITSELF PARALLEL TO THE ELECTROMAGNETIC FIELD. 

The direction of the electromagnetic field generated by a current-carrying conductor is at right angles to the 
wire, and since the compass needle also points at right angles to the wire, the electromagnetic field and the 
compass needle are parallel. 


2. D- THE MOST WIDELY KNOWN METER MOVEMENT THAT USES THE PERMANENT MAGNET MOVING 
COIL MECHANISM IS THE -- D'ARSONVAL GALVANOMETER. 
D'Arsonval patented a moving coil mechanism in 1881 from which evolved other types of PMMC devices, 


3. C- THE ELECTRODYNAMIC MOVEMENT OPERATES ON THE PRINCIPLES OF -- THE INTERACTION 
BETWEEN ELECTROMAGNETIC FIELDS. 


Field coil windings are used with a moving coil mechanism, and the field forces generated are entirely electro- 
magnetic. 


4, A - MODERN INSTRUMENTS USING TAUT BAND SUSPENSION SYSTEMS -- CAN BE MADE WITH HIGHER 
SENSITIVITIES THAN THOSE USING PIVOTS AND JEWELS. 


The taut band suspension reduces the already low friction levels of pivot and jewel movements. 


5, D-AMMETER SHUNTS -- GENERALLY HAVE A LOW RESISTANCE VALUE. 
The shunt resistor is placed in parallel with the moving coil and in order to draw the proper amount of current, 
must have a resistance value lower than that of the coil. 


6. D- A TECHNICIAN DESIRES TO MEASURE THE CURRENT IN A CIRCUIT WHICH HE KNOWS IS GREATER 
THAN 1 AMPERE, BUT LESS THAN 3 AMPERES. THE ONLY AVAILABLE METER, HOWEVER, HAS A 
SENSITIVITY OF 250 mA. WITH A COIL RESISTANCE OF 50 OHMS, THE VALUE OF THE SHUNT RESISTOR 
REQUIRED IS APPROXIMATELY -- 4.5 OHMS. 
Meter sensitivity is defined as the amount of current required for full-scale deflection. Since the meter move- 
ment can carry no more than this, the remainder of the current must be shunted away from the coil, 
Thus, 
3.00 amperes is the maximum amount of current in the circuit 
-0.25 amperes is the maximum amount of current in the coil 
therefore 2.75 amperes must be carried by the shunt resistor. 


Since the current and resistance of the coil are known for the required condition, the voltage across the coil 
can be determined E = IR, E = .250 X 50, E = 12.5V. 


The coil and shunt resistor are in parallel, therefore the voltage across the resistor is also 12.5V. Solving for 
the resistance: 


R= = = 4.52. 


‘ga. tees 
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7. D- ASSUME THAT THE RESISTANCE OF THE MOVING COIL IN FIGURE 18 IS 1K OHM, AND THE METER 


NEEDLE IS INDICATING 100 VOLTS. IF R, IS 50,000 OHMS, THE SENSITIVITY OF THE VOLTMETER IS -- 
510 OHMS PER VOLT. 


The total resistance of the circuit is 51,000 ohms. Since the meter is indicating 100 volts, this is the voltage 
across the circuit. Thus 51,000 + 100 = 510 ohms per volt, 
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IMPORTANT — These instructions MUST be accurately followed to avoid loss, or 
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errors in grading. 


Indicate your answer on this sheet by filling in the box for the most correct answer 
to each question, as illustrated in the example below. 


When all questions have been answered, place the answer card in the proper posi- 
tion to line up the boxes on the card with the boxes on the sheet. 


Next, copy the complete lesson code into the space provided on the card, and fill 
in the answer boxes to correspond with those previously filled in on this sheet. 


Before mailing, be certain your correct student number, name and address appear 
on the card. 


Example: A hammer is a type of 
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When brought near a current-carrying conductor, a compass needle 

(A) tends to point in the direction of the current flow. (B) tends to align itself parallel to the electro- 
magnetic field. (C) measures the amount of voltage in the circuit. (D) tends to align itself parallel to 
the wire. 


The most widely known movement that uses the Permanent-Magnet Moving-Coil mechanism is the 
(A) Kelvin Astatic galvanometer. (B) electrostatic voltmeter. (C) electrodynamometer. (D) D’Arsonval 
galvanometer. ; 


The electrodynamic movement operates on the principles of 

(A) the interaction between magnetic and electromagnetic fields. (B) the interaction between voltages 
of the opposite polarity. (C) the interaction between electromagnetic fields. (D) the interaction between 
a coil and a soft iron bar. 


Modern instruments using taut-band suspension systems 

(A) can be made with higher sensitivities than those using pivots and jewels. (B) are easily damaged 
by shock and cannot be used in some applications presently served by pivoted instruments. (C) can be 
used only in the upright position. (D) are widely used in the electrostatic voltmeter. 


Ammeter shunts 

(A) limit excessive currents through the coil by increasing the resistance in the coil circuit. (B) permit 
a voltmeter to be used as an ammeter. (C) are used to decrease the range of the meter. (D) generally 
have a low-resistance value. 

A technician desires to measure the current in a circuit which he knows is greater than 1 ampere, but 
less than 3 amperes. The only available meter, however, has a sensitivity of 250 mA. With a coil re- 
sistance of 50 ohms, the value of the shunt resistor required is approximately 

(A) .045 ohm. (B) .1 ohm. (C) 10.6 ohms. (D) 4.5 ohms. 


Assume that the resistance of the moving coil in Figure 18 is 1 k0, and the meter needle is indicating 
100 volts. If R, is 50,000 ohms, the sensitivity of the voltmeter is 
(A) 1000 ohms-per-volt. (B) 1050 ohms-per-volt. (C) 500 ohms-per-volt. (D) 510 ohms-per-volt. 


Using Figure 24A, assume that selector switch S, is positioned on the ohms x 1000 range, and the 
pointer on the meter movement indicates a reading of 10. Given the component values shown in Figure 
24B, and R,; set at 700 ohms, the current through Rx is approximately 

(A) .3mA. (B) .1 mA. (C) .15 mA. (D) .3A. 


Reversing the leads when measuring ac with the circuit in Figure 24A would 

(A) cause current to flow in the opposite direction through the meter. (B) cause the diodes to block 
all current to the meter. (C) cause the meter needle to oscillate or vibrate around the zero marking. (D) 
have no effect on the reading. 


In CONCENTRIC MOVING-VANE meters, the pointer indicates 
(A) in direct proportion to the amount of current flow. (B) according to the square law. (C) using a 
linear scale. (D) the same as the D’Arsonval movement. 
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EXPERIMENT 5 


TRANSISTOR CIRCUITS—COMMON-EMITTER AND 
COMMON—COLLECTOR AMPLIFIERS 


PARTS NEEDED 


1 - Multimeter with Test Leads and 
Spring Adapters 
Partially Completed Design 
Console 

1 - NPN Transistor 

1 - PNP Transistor 
11 - Modular Connectors 


- 1kQ, 1/2 W, Resistor 

- 4,7 12, 1/2 W, Resistor 
- 10 k2, 1/2 W, Resistors 
- 22k, 1/2 W, Resistor 
- 100 k2, 1/2 W, Resistor 
220 k82, 1/2 W, Resistor 
- 1 M2, 1/2 W, Resistor 


pea 
i] 


— | — — PO — = 


1 - Transistor Socket with Leads - Hookup Wire 
1 - 4702, 1/2 W, Resistor 
OBJECTIVE 


By working with the circuits in this experiment, you will gain familiarity with 
the dc operating conditions of the common-emitter amplifier and common- 
collector transistor amplifier circuits, Both PNP and NPN circuits will be 
constructed with the similarities and differences pointed out, 


In reviewing the basic operating requirements for transistors as amplifiers, 

the base-to-emitter junction must be forward biased while the base-to-collector 
junction must be reverse biased, The circuits constructed in these experiments 
will employ the conventional single Supply biasing technique, A stabilizing 
arrangement is used so that the circuits will operate with a wide variation in 
transistor characteristics, You might wish to review your lesson material on 
biasing techniques while you work through this experiment, 


PART 1 


PROCEDURE 
NPN COMMON-EMITTER AMPLIFIER 


1, Figure 5-1 shows a common-emitter transistor amplifier circuit employing 
an NPN silicon transistor, Construct the circuit of Figure 5-1 on your design 
console, following the layout of Figure 5-2. (This includes the insertion of the 
NPN silicon transistor.) Refer back to Experiment 1 for the information on 
transistor connections. Be especially careful that you make the proper con- 
nections to the modular connectors that supply the output voltage from the design 
console power supply. Make sure that the design console power supply is turned 
off while you are constructing the circuit, 


2. Setup your multimeter to measure dc voltage, and connect the test leads to 


Transistor Circuits - Common-Emitter and Common-Collector Amplifiers 


the + and - terminals of the REGULATED LOW VOLTAGE supply to measure 
the variable low voltage dc power supply output. Set the Voltage Adjust control 
fully counterclockwise. Turn on the design console by setting the switch to the 
30V position, 


3, Rotate the Voltage Adjust control clockwise until the power supply output 
voltage is 15 volts. 


4. Measure the dc voltages at the emitter, base and collector of Q] with 
respect to GND (ground), and record in the space provided below. 
Emitter VY) volts dc 
Cer) 
Base : volts dc 


Collector Vv volts dc 


The actual voltages measured will depend upon the beta (or current gain) of the 
transistor, However, you should obtain a difference of approximately 0.6 volt 
between the base and emitter voltage. This is the normal forward biased 
junction voltage for a SILICON transistor, For example, if the voltage at the 
emitter is 0.1 volt, the voltage at the base should be approximately 0.7 volt. 


The circuit values have been chosen so the collector voltage will be about half 
the supply voltage, approximately 7 volts, By using the stabilizing arrangement 
shown in Figure 5-1 (the bias resistor R2 is connected to the collector and the 
unbypassed resistor, R4, is connected to the emitter), the de operating 
characteristics will not vary widely with changes in transistor beta. 


5, Even though a stabilizing arrangement is employed in the circuit of Figure 5-1, 
the dc operating conditions will still vary with changes in the value of bias. 
(Remember, bias determines the base current, ) To show the effects of a change 
in bias, connect a 220 kX, 1/2 W, resistor in parallel with Rp. Turn off the 
design console while making this change, This lowers the effective value of 
R2, and increases the value of base current, Turn on the design console, 
Measure the voltages at the emitter, base and collector (with respect to ground) 
and record the values below. Make sure that the supply voltage is still set at 
15: volts. a 

Emitter (1! volts de 


Base CY, volts dc 


Collector ( f) volts dc 


With an increase in base current, you should observe a slight increase in the 
voltages at the emitter and at the base. However, the difference between the 
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voltages at the base and emitter will still be 0.6 volt. The base-to-emitter 
junction voltage remains somewhat constant, even though the current changes. 


The collector voltage will decrease, since the increase in base current causes 
an increase in collector current, 


6. Now, let's examine the effects of reducing the base-to-emitter voltage to 
zero, This should cut off the transistor. Turn off the design console, First 
remove the 220 kQ resistor that was connected across the 100 kQ bias resistor 
Ro in Figure 5-1, as well as the 100 kK resistor, Ra. Next connect a jumper 
wire from the base to the emitter of the transistor, Turn on the design 
console, and reset the power supply output to 15 volts. 


7. Measure the emitter, base and collector voltages of the transistor and 
record them below. 


Emitter wy volts dc 
Base volts de 
Collector ie volts de 


With the bias resistor removed and the base-to-emitter junction shorted, you 
should obtain 0 volts at the base and at the emitter. This cuts off the transistor 
and, with no collector current, the collector voltage will be approximately equal 
to the supply voltage. Since there is some leakage current, a small voltage 
drop will occur across the collector load resistor R], and the collector voltage 
will be slightly less than the supply voltage, about 0.5 volt or less, 


PART 2 

PROCEDURE 

NPN COMMON-COLLECTOR AMPLIFIER 

1, Figure 5-3 shows the schematic diagram of an NPN common-collector ampli- 
fier, often called an ''emitter follower. '' Set up the circuit on your design console, 
following the layout of Figure 5-4. This includes inserting the transistor, Be 


sure to turn off the design console while constructing or changing the circuit. 


2. Turn on the design console, and again set the supply voltage to 15 volts, 
Measure the voltages at the emitter, base and collector and record below. 
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Emitter 3,4 volts dc rN 
c be. 

Base U oA volts dc 

Collector - volts dc 


AEN 


Note that, in the emitter follower circuit the collector voltage is equal to the 


_supply voltage. The base voltage will again be approximately 0.6 volt higher 
than the emitter voltage. 


3. Let's examine the effects of an increase in bias. Turn off the design 

console and remove the 22 kQ bias resistor, Rj. Replace it with a 10 k& 
resistor. Turn on the design console and remeasure the voltages at the emitter, 
base and collector and record below. Make sure that the power supply output 


voltage is still 15 volts. ee, 
Emitter Oi ft volts dc 

So) ye 
Base a volts dec 
Collector jy volts dc 


Compare your readings to those obtained in Step 2. Note that the emitter voltage 
is higher, due to the increased collector current when R] is reduced-to-lO KQ; 
Note that the collector voltage remains unchanged in this circuit, since it is ( 
tied directly to the power supply. Again the base voltage is approximately 

0.6 volt higher than the emitter voltage. Turn off the design console, 


PART 3 
PROCEDURE 
PNP COMMON-EMITTER AMPLIFIER 


1. Figure 5-5 shows the circuit of a common-emitter amplifier employing a 
germanium PNP transistor. The only differences between this circuit and the 
NPN circuit of Figure 5-1 are the transistor, the polarity of the supply voltage 
and the values of the bias resistors. Set up the circuit of Figure 5-5 using your 
PNP transistor. You can use the layout of Figure 5-2 asa guide, but be sure 

to reverse the power supply connections and use the proper values for R2 and R32. 


2. Turn on the design console, and set the power supply to 15 volts. In the 
PNP circuit the + power supply terminal is the ground (or reference point), as 
shown in Figure 5-5. Measure the voltages at the emitter, base and collector 
with respect to ground (GND) and record below. Note; Allreadings should be 
shown as negative. 
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Emitter ee wy volts de 
Base i i) LEA en volts dc 
-%,7 


volts dc 


Collector 


Compare the measurements in the PNP circuit to those obtained in Step 4 of the 
Procedure, Part 1 for the NPN circuit. In addition to the voltages being negative, 
you will note that the difference between the base and emitter voltage is much 
less than 0.6 volt, actually approximately 0.2 to 0.3 volt. This lower base- 
emitter voltage is characteristic of a GERMANIUM transistor, 


3. A PNP circuit functions similar to an NPN circuit when the supply voltage 
polarity is changed, Let's increase the bias by connecting a 1 MQ resistor in 
parallel with the 220 k2 resistor, Rz. Turn off the design console while you 
make the change, 


4. Turn on the design console, and make sure the power supply is set to 15 
volts. Measure the voltages at the emitter, base and collector and record 


below, 
Mini tlor \ EF ) | volts de 
Base ) om volts dc 
Can TK | 
Collector 0+ PA volts dc 
With an increase inbase current, the voltage. atthe emitter should increase and 


likewise the voltage at the base willincrease, On On the other hand, the voltage 
See “since the mntrcased? collector ‘current ¢ causes an 
increase in the voltage drop. across the collector Toad resistor ‘Ry. 

5. Turn off the design console, and remove the 1 MQ resistor connected across 
R2. To examine the effects of zero bias, connect a jumper between the base 
and the emitter of Q}. Turn on the design console and make sure the power 
supply output is 15 volts. Measure the voltages at the emitter, base and 
collector, Record them below. a 


Emitter L) volts dc 
Base O volts de 


“aS LD, 
Collector 5 volts dc 


With the base-to-emitter junction shorted, the transistor is cut off. Asa 
result, the base and emitter voltages will be approximately zero, and the 
collector voltage will equal the supply voltage. Any slight difference between 
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the collector and the supply voltage is due to the small leakage current flowing é | 
through the collector load resistor Rj. 


PART 4 
PROCEDURE 
PNP COMMON-COLLECTOR AMPLIFIER 


1. Turn off the design console, and set up the PNP common-collector amplifier 
circuit of Figure 5-6. You can follow the layout shown for the NPN circuit in 
Figure 5-4. MAKE SURE THAT YOU REVERSE THE POWER SUPPLY CON- 
NECTIONS FROM THOSE SHOWN IN FIGURE 5-4, Ry is a 10 kQ resistor in the 


new circuit. 


2. Turn on the design console, and make sure the power supply is set to 
15 volts. Measure the voltages at the emitter, base and collector and record below. 


Emitter Seog We Ps volts de 
Base / volts dc 
Collector | ? volts dec 


Your readings should be similar to those for the NPN circuit, Procedure, Part 2, || 
Step 2, except for the reverse polarity and the lower base-to-emitter voltage of 
the germanium transistor. 


3. To show the effects of increased bias, connect a 22 kQ resistor across the 
10 kQ bias resistor, R1]. Turn off the design console while making the change. 
Turn on the design console and check that the power supply output is 15 volts. 

Record the element voltages below. Then, turn off the design console. 


famitter = G aa volts dc 
oe 

Base a volts de 

Collector —| VY volts dc 


4, To examine the effects of zero bias, remove the added 22 kQ resistor, and 
connect a jumper between the base and emitter of Q). Turn on the design console 
and make sure that the power supply output is 15 volts. Record the element 


voltages below. Turn off the design console, 6 
Emitter ‘a | \D volts dc 
ee } 
Base a \\ a volts dc 
< 
Collector aie volts dc 
9504 
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In Step 3 when the bias is increased, you should have observed an increase in 
the emitter and base voltages, due to-an-increase-in collector current. When 
the bias was reduced to-zéro. in Step 4, the opposite action occurred, The 
voltages at the emitter and the base decreased, because of the decrease in 
collector current. The small leakage current flowing accounts for the low 
voltages at the emitter and base, The collector voltage remains constant since 


the collector is connected directly to the supply. 


CONCLUSION 


In this experiment you examined the dc operating conditions for NPN and PNP 
common-emitter and common-collector transistor ainplifier circuits, ¥ For 
Silicon transistors,—the normal base-to-emitter voltage is approximately 0.6 
volt; while for germanium transistors it is between 0. 2 and 0, 3 volt. 


ae : — aoe ey 


When the bias on a transistor is increased, the collector current increases. In 
a common-emitter stage with-an-emitter resistor, this causés-an-inc¥éase in 
voltage at the emitter and a decrease in voltage at the collector, On the other 
hand, when the bias is decreased, the opposite occurs: emitter voltage 
decreases and collector voltage increases, The action is similar in a common- 
collector (or emitter follower) stage with the exception that the voltage at the 
collector remains constant, 


The circuit action for PNP and NPN transistors is the same, Only the 

polarity of the source and element voltages differs. In an NPN circuit, the 
base and collector are positive with respect to the emitter, With a PNP circuit, 
the base and collector are negative with respect to the emitter, 


FIGURE 5-5 FIGURE 5-6 
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De VRY INSTITUTE OF TECHNOLOGY 


4141 BELMONT AVENUE, CHICAGO, ILLINOIS 60641 9 5 O 4 - 5 A 
—— ONE OF THE EX AMINATION 
IO Bette Howe ScHoois CHECK SHEET 


1, D- THE NORMAL VOLTAGE DROP ACROSS A FORWARD BIASED SILICON PN JUNCTION IS 
APPROXIMATELY -- 0.6 VOLT. 

For a silicon transistor, the normal forward biased base-to-emitter junction bias is approximately 
0.6 volt, 


2. 3B - UNDER WHICH OF THE FOLLOWING CONDITIONS IS THE BASE-TO-EMITTER JUNCTION OF AN 
NPN SILICON TRANSISTOR FORWARD BIASED? -- EMITTER AT -5 VOLTS, BASE AT -4,4 VOLTS. 

To forward bias an NPN transistor, the base must be 0.6 volt more positive (or less negative) than the 
emitter, 


3. B - REFERRING TO THE CIRCUIT OF FIGURE 5-1, IF BASE CURRENT INCREASES, -- THE VOLTAGE 
AT THE COLLECTOR DECREASES, 

When base current increases, collector current increases, increasing the voltage drop across the collector 
load resistor Rj. This causes a reduction in the collector voltage. 


4. D- REFERRING TO THE CIRCUIT OF FIGURE 5-3, THE VOLTAGE AT THE COLLECTOR -- DOES 
NOT VARY. 

In the common-collector circuit, the collector is connected to the supply and thus does not vary when the 
collector current changes, 


5. A - WHEN A JUMPER IS CONNECTED FROM THE BASE TO THE EMITTER OF Q, IN THE CIRCUIT 
OF FIGURE 5-5,-- THE VOLTAGE AT THE COLLECTOR BECOMES MORE NEGATIVE. 

With the jumper in place, the transistor is cut off reducing collector current and increasing collector 
voltage. 


6. B - WHEN A RESISTOR IS CONNECTED IN PARALLEL WITH THE BIAS RESISTOR R2 IN 
FIGURE 5-5, -- THE VOT.TAGE AT THE FMITTER INCREASES. 
The additional resistor increases base current thus increasing the emitter voltage. 


7. OC - WITH REGARD TO NORMAL TRANSISTOR ACTION, -- COLLECTOR CURRENT IS PROPORTIONAL 
TO BASE CURRENT. 
The ratio of base current to collector current is the current gain or beta of the transistor. 


8. D- WHEN THE BASE OF Q) IS SHORTED TO THE EMITTER IN THE CIRCUIT OF FIGURE 5-3, THE 
-- VOLTAGE AT THE EMITTER DECREASES. 

Shorting the base to the emitter cuts off the transistor, decreasing collector current and thus bringing the 
emitter voltage to zero. 


9. OC - THE NORMAL VOLTAGE DROP ACROSS A FORWARD BIASED GERMANIUM PN JUNCTION IS 
APPROXIMATELY -- 0.2 VOLT. 

The normal forward biased emitter junction voltage for a germanium transistor is less than that for a silicon, 
about 0, 2 to 0. 3 volt. 


10. C - UNDER WHICH OF THE FOLLOWING CONDITIONS IS THE BASE-TO-EMITTER JUNCTION OF A 
GERMANIUM PNP TRANSISTOR REVERSE BIASED? --EMITTERAT -3 VOLTS, BASE AT -2.5 VOLTS. 


_To reverse bias a PNP transistor, the base must be more positive (or less negative) than the emitter, 
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Use 


Phase shift circuits are used in conjunction with silicon controlled rectifiers in the above power 
supply to provide an adjustable and regulated output voltage. 


Courtesy Raytheon Co., Sorensen Operation 
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Knowledge once gained casts a faint light beyond its own 
immediate boundaries. There is no discovery so limited as not 
to illuminate something beyond itself. 

—John Tyndall 
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USING VECTORS 


The ability of scientists and engineers to analyze circuits is often associated 
with many years of learning, although this ability can also come from the 
use of many simple “tools” and short cuts. Fortunately, we can learn how 
to use these simple tools quite easily. 


We can borrow a simple tool from the engineers and scientists which will 
simplify working with ac circuits. This simple tool is called a VECTOR. 
As we will use them, vectors are nothing more than lines which represent 
alternating voltages or currents. However, such simple lines allow us to add 
together voltages or currents that are “out of step.” 


REPRESENTING VOLTAGES AND CURRENTS 


The curve of Figure 1 represents a voltage having a sinusoidal waveshape. 
This alternating voltage is constantly changing in amplitude and periodically 
reversing polarity. The drawing of the voltage in Figure 1 is called a “time 
presentation.” It shows how the voltage changes during a given period of 
time. 


In working with alternating voltages and currents, it is common practice to 
represent the voltage or current with a vector, which is a line drawn like an 
arrow. The length of the vector ctor represents the peak amplitude of the voltage 
or current, as shown in n Figure 2. 2. To draw the vector, first let a given length 
represent so many volts. The length you choose is up to you. However, 
choose a length that is convenient. You don’t want the vector larger than 


the paper you are drawing it on. 


As an example, suppose you wish to represent a sinusoidal voltage with a 
peak amplitude of 200 volts. A convenient SCALE would be 100 volts 
equals 1 inch. The term “scale” is used to describe the length assigned to 
represent a given voltage or current. To represent the voltage in this example, 
you would draw the vector 2 inches long. Most rulers are divided into six- 
teenths between inch divisions. A convenient scale to use when drawing 
vectors is to let each small division, 1/16 inch, represent a given voltage or 
current. 
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In-Phase Voltages and Currents 


When two voltages, two currents, or a voltage and a current waveshape are 
in step (or phase), they can be shown as in Figure 3. Notice that waveform 
A goes higher and then lower than waveform B. Thus, waveform A would 
be represented by a longer vector than B. The two waveforms are in phase 
because they both cross the horizontal axis at the same point, they both 
reach their positive peaks at the same point (on the horizontal axis), and 
they both reach their negative peaks at the same horizontal point. 


When drawing vectors for these two waveforms, we show them pointing in the 
same direction, as in Figure 4. The vector for voltage A is longer than the 
vector for B. Since the two vectors are pointing in the same direction, the 
phase angle between them is zero. 


Out-of-Phase Voltages and Currents 


In many ac circuits the voltages and currents are not in step or phase. The 
term PHASE is used to describe the angle of a voltage or current with respect 
to some reference. Vectors provide a convenient means of showing the 
phase relationship between out-of-phase voltages and currents. To show 
phase relations, the vector is drawn at an angle with respect to a reference 
line (usually horizontal), as shown in Figure 5. The angle between the vector 
and the reference line corresponds to the phase angle of the voltage or cur- 
rent. Figure 6A shows two sinusoidal waveforms. These could represent 
two voltages, two currents, or a voltage and a current. To illustrate the use 
of vectors, assume that both waveforms A and B are ac voltages. Notice 
that the two voltages are not in step or phase. At the O-degree point of wave- 
form A (0 voltage), waveform B is at the maximum voltage point. Wave- 
form A will not reach the maximum voltage point until the 90-degree point. 
(The degree labels in the figure are for waveform A.) 


We can easily represent the conditions in Figure 6A with a vector diagram. 
Remember that a vector is a line drawn like an arrow. The length of the 
arrow represents the peak amplitude of the ac voltage or current. Since 
voltages A and B in Figure 6A have the same peak amplitude, the vectors 
representing them would have the same length. 


To determine the phase relationship, and thus the angles at which to draw 
the vectors, one of the voltages must be used as a reference. Suppose that 
voltage A in Figure 6A is the reference. We can assign an angle or phase 
of 0 degrees to the vector of the reference voltage. Thus, its vector would 


1058 


USING VECTORS 


Figure 
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USING VECTORS 


be drawn at 0 degrees (on top of) with respect to the reference line (or on 
top of the reference line, as shown in Figure 6B). 


REFERENCE 


VOLTAGE B 


ge 


VOLTAGE A 
Be RED ERENCE 
LINE 


B 


Figure 6 


In Figure 6A, voltages A and B are shown 90 degrees apart, which means 
that they are 90 degrees out-of-phase. A vector representing voltage B would 
be drawn at an angle of 90 degrees with respect to the reference line, which 
is, in this example, the vector for voltage A. These vectors are shown in 
Figure 6B. 


To show that one voltage is ahead or behind another, we assume-that-vectors 
move, or rotate, in a counterclockwise direction. Since voltage B starts out 
at its zero-degree point 90 degrees before voltage A, the vector for voltage B 
is drawn 90 degrees counterclockwise with respect to vector A. In this ex- 
ample, we would say that voltage B LEADS voltage A. 
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In Figures 6A and 6B, voltage B leads voltage A since voltage A is considered 
to be the reference. Changing the reference by 90 degrees reverses the situa- 
tion. Figure 7A shows the voltages of Figure 6A with the reference changed 
by 90 degrees. The 0-degree point of voltage B is now the reference. Notice 
that voltage A passes through its zero-degree point 90 degrees after voltage 
B. Voltage A LAGS voltage B by 90 degrees. The leading vector was drawn 
in a counterclockwise direction in Figure 6B. In the vector diagram shown 
in Figure 7B, the vector for voltage A is drawn 90 degrees clockwise from 
the vector for voltage B. Voltage A is at an angle of 270 degrees from the 
reference line, since the angles are measured counterclockwise from the 
reference line. 


One voltage or current can lead or lag the other, depending upon which is 
considered the reference. We normally use 180 degrees as the division be- 
tween leading and lagging. A voltage or current starting anywhere between 
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USING VECTORS 


0 and 180 degrees ahead of another is usually considered to be leading the 
other voltage or current. Beyond 180 degrees, a voltage or current is lag- 
ging another voltage or current by the number of degrees to the next cycle. 


DRAWING VECTORS 


For your convenience in drawing vectors, a combination scale-protractor is 
included with your materials. Figure 8 shows how to use the protractor to 
obtain a particular angle. First draw the horizontal reference line. If you 
draw the reference line in dashes, you will not mistake it for a vector. Then 
place the scale-protractor on the line. Line up the index mark with the end 
of the reference line as shown. Draw a mark at the desired angle. The angles 
we will use are printed on the inside edge of the protractor. In Figure 8 a 
mark is drawn at 50 degrees. 


DRAW MARK AT 
DESIRED ANGLE 


28 | @ eae 
TAM: 
REFERENCE 
LINE 


SET INDEX ARROW AT 
END OF REFERENCE LINE 


Figure 8 


Let us draw a vector with an angle of 50 degrees and a length of 3 1/2 inches, 
as shown in Figure 9. The 3 1/2 inch division on the ruler is positioned at 
the end of the reference line while the straight edge of the ruler is positioned 
along the 50-degree mark that you have just made with the protractor. A 
line is then drawn along the straight edge from the upper end of the ruler 
to the end of the reference line. This is your vector. If each small scale 
division, 1/16 inch, represents 5 volts, then the vector represents 280 volts. 
Now you may place an arrowhead at the upper end of the vector. 
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REFERENCE LINE 


SET 35 INCH POINT ON RULER AT 
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Figure 9 
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Figure 
12, 


The protractor is not marked for angles greater than 180 degrees. How- 
ever, it is simple to draw vectors at angles greater than 180 degrees. Posi- 
tion the protractor as shown in Figure 10. In this position, the protractor 
is moved 180 degrees (turned upside down) from the position shown in 
Figure 8. Therefore, you must add 180 degrees to the reading on the pro- 
tractor scale to obtain the correct angle. To draw a vector at 270 degrees, 
draw a mark at the 90-degree point on the protractor as shown in Figure 10, 
since 180 degrees + 90 degrees = 270 degrees. If you want to draw a vector 
at 210 degrees, draw a mark at 30 degrees, since 180 degrees + 30 degrees 
= 210 degrees, and so on. 


AC CIRCUITS 


As mentioned earlier, the voltages and/or currents in an ac circuit are often 
out of step, or phase, with each other. This is because ac circuits usually 
contain inductance and capacitance in addition to resistance. 


Figure 11 shows the conditions that would exist in a parallel ac circuit that 
contained only resistance. The two branch currents, I, and I, are in phase, 
or in step, as were the vectors in Figure 3. Since the currents are in phase, 
we can add their values together to determine the total current. Conversely, 
Figure 12 shows the conditions that may occur in a practical parallel ac cir- 
cuit. Notice that the two branch currents, I; and Iz, are not in phase with 
each other. I, starts at 0-degrees, and I, is at its 270-degree point when it 
crosses the zero degrees vertical reference line. 


The out-of-phase condition of Figure 12 is easier to picture if we use vectors 
to represent the currents. Since I, and I» are not in phase, we cannot add 
their values directly to determine the total circuit current. However, vectors 
provide a means of adding out-of-phase voltages or currents. 


We will use vectors for the parallel ac circuit of Figure 13 where the currents 
in each branch are not in phase with each other. The current in Load 1 is 
at 20 degrees and the current in Load 2 is at 70 degrees. Rather than draw- 
ing actual current waveforms as in Figure 12, we can use vectors to show 
the relationship between I, and Ip. 


To represent I, with a vector, draw a vector whose length corresponds to 
the value of I,, 20 amperes. Suppose you let each small mark on the scale 
Tepresent 1 ampere. You would draw the I, vector to a length of 20 small 
divisions, or 1 1/4 inches. Since I, has a phase angle of 20 degrees, you would 
draw the I, vector at an angle of 20 degrees from the horizontal reference 
line. 
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You must use the same scale, 1 ampere per small division, when you draw 
the vector for Ig. Since Ig has a value of 10 amperes, its length would be 
10 small divisions, or 5/8 inch. The phase angle of I, is 70 degrees. There- 
fore, the Iz vector is drawn at an angle of 70 degrees from the horizontal 
reference line. 


; : Foot : : og! i 10; I, 
Figure 14 shows the vector diagram for the circuit of Figure 13. Notice that & 20 A 20° 
the two vectors are drawn counterclockwise from the reference line. Since Ss 
the I, vector has an angle greater than the I, vector, we can say that I, a ws 
LEADS I,. The angle between I, and I, is 70 degrees — 20 degrees, or 50 "i 7 en’ Re cwee 
degrees. Therefore, I, LEADS I, BY 50 DEGREES. Figure 
14 


Figure 15 shows a series ac circuit in which the voltages are not in phase. 
To represent the voltages in the circuit with vectors, follow the same pro- 
cedure as used for Figure 13. Draw a vector at the phase of E, with a length 


corresponding to the value of E;, 150V. Suppose you let each small scale Ey 
division represent 10 volts. The E; vector would be 15 small divisions long 30 
at an angle of 0 degrees, or along the horizontal reference line. 0 
Following the same procedure, draw the vector for Ey. Since E, is 200V, E 
the E, vector is 20 small divisions long. Since the Es, phase angle is 270 6 & % 
degrees, the Ey vector is drawn at 270 degrees. Figure 16 shows the vector 270° 
diagram for this circuit. 
Remember that the angles are measured counterclockwise from the horizontal Figure 
reference line. I5 
Since the angle of the E» vector is larger than the angle of the E, vector, we 
can say that Ez, LEADS E, by 270 degrees. However, we usually use 180 i5 DIVISIONS Be Pree 
| 


degrees as a dividing point between leading and lagging. Therefore, it would 
be more convenient to say that E2 LAGS E;. To determine the lag angle, 
determine the number of degrees in a counterclockwise direction from Ep, to 
E;. Since E, is at an angle of 270 degrees, it is 90 degrees away from the 
reference line and the E; vector. Therefore, E, LAGS E; BY 90 DEGREES. 
Note that we can also say that E; LEADS E, by 90 degrees. 


ISOV 0° 


20 DIVISIONS 


m 
Nw 


200 V 270° 


ADDING VOLTAGE VECTORS AND Figure 
CURRENT VECTORS : 


Voltages or currents which are in phase or 180 degrees out-of-phase can be 
added or subtracted with ordinary arithmetic. However, voltages or currents 
8 which are out-of-phase cannot be added using conventional arithmetic. 
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14 DIVISIONS 
A 


20 DIVISIONS 


34 DIVISIONS 


RESULTANT (A +B) 


Figure 
17 
VECTORS DRAWN 
WITH ENDS TOGETHER 
20 DIVISIONS 12 DIVISIONS 
A B 


8 DIVISIONS 
Qe 
RESULTANT (A-B) 


Figure 
18 


> 


16 DIVISIONS 


l2 DIVISIONS 


Figure 
19 


Vectors are used to provide us with a simple means of adding out-of-phase 
voltages or currents. 


In-Phase and 180-Degree Out-of-Phase Vectors 


Sometimes you may find it necessary to add vectors that are in phase with 
each other. To add such vectors, merely add their values together. For ex- 
ample, Figure 17 shows two vectors, A and B. Both vectors have the same 
angle; therefore, they are in phase with each other. The length of the re- 
sultant vector is the sum of the lengths of the individual vectors. It does not 
make any difference what the angles are as long as the vectors have the 
SAME angle. For example, two vectors that lie in the 20-degree direction 
can be added directly; two vectors at 90 degrees can be added directly; etc. 
The resultant has the same angle as the two vectors that are added. 


Another special case is where the vectors are 180 degrees apart. To deter- 
mine the resultant vector, just subtract the smaller from the larger. The 
angle of the resultant is that of the larger vector. 


Figure 18 shows an example of vectors 180 degrees apart. Vector A is 20 
small divisions long while vector B is 12 small divisions long. Note that the 
vectors are drawn end to end since they are 180 degrees out-of-phase. Sub- 
tracting vector B from vector A produces a resultant vector with a length 
of 8 small divisions. Since vector A is the longer of the two, the resultant 
vector has the same angle as vector A. 


Vectors at Right Angles 


When vectors are at right angles (90 degrees apart), the resultant vector 
(vector sum) can be found mathematically, as well as by the graphical method. 
The vector sum can be found by using the following expression: 


VECTOR SUM =v A? + B? 


where: A and B are the vectors to be added. 


To illustrate the use of this formula, let’s determine the length of the resultant 
vector in Figure 19. Vector A is 16 small divisions long and vector B is 12 
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The following Practice Exercise questions cover the subjects which you 
have just studied. They are: 


REPRESENTING VOLTAGES AND CURRENTS 


IN-PHASE VOLTAGES AND CURRENTS 


OUT-OF-PHASE VOLTAGES AND CURRENTS 


DRAWING VECTORS 


AC CIRCUITS 

1. What is a vector? 

2. For a vector which represents a sinusoidal voltage or current, the 
vector’s length corresponds to the (a) amplitude, (b) frequency. 

3. Suppose that an ac current has a peak amplitude of 250 mA. How long 
would you draw a vector to represent this current if you let each small 
division on the ruler represent 10 mA? 

4. Vectors are normally drawn in a 
direction from the reference line. 

5. In Figure 6A, voltage B leads voltage A. Is it also true that voltage A 
lags voltage B? 

6. Draw the vector diagram to illustrate the phase relationship between 
the two currents shown. Use a scale of one inch equals one ampere. 
Current A is the reference. 

FITS 7A Ua ok A 
0° 45° 90°135° . 360° 
CURRENT Bp” 
cach as ee 
REFERENCE 
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7. 


10. 


A parallel ac circuit contains two branches. One branch contains pure 
resistance and has a current of 15 amperes at an angle of 0 degrees. 
The other branch contains a motor and has a current of 20 amperes at 
an angle of 75 degrees. Draw a separate vector diagram to represent 
each branch current. Let each small scale division on the scale- 
protractor represent 1 ampere. 


When an ac induction motor is connected to an ac line, it presents a 
large inductance to the ac line. Under these conditions, would the 
motor voltage and current be in phase? 


To determine the total peak current in Figure 12, you would just add 
together the peak values of I, and I;. True or False? 


In Figure 14, I, (a) leads I, by 50 degrees, (b) lags I, by 50 degrees, 
(c) leads I, by 70 degrees. 


1058 
Q1A 


small divisions long. The values are substituted into the expression as 
shown below: 


VECTOR SUM = V/ A? + B? 
seen / an Ose 22 


=v 256+ 144 
=v 400 


= 20 small divisions. 


The above answer agrees with the resultant value, which is determined as 
shown in Figure 19. You can use this simple expression whenever you want 
to determine the vector sum of two vectors at right angles. However, this 
formula applies ONLY TO VECTORS AT RIGHT ANGLES, or 90 degrees 
apart. 


Figure 20 shows an alternate method of finding the resultant vector. Vector 
A is drawn first as it was in Figure 19 Then vector B is drawn from the 
head of vector A and parallel to the reference line (in the same direction as 
vector B in Figure 19). The resultant vector is drawn from the lower end 
of vector A to the head of vector B. The resultant vectors of the two figures 
are the same. 


Out-of-Phase Vectors 


The vectors for the circuit of Figure 13 are redrawn in Figure 21. Since the 
currents are out-of-phase with each other (they do not have the same phase 
angle), the total current cannot be found by adding them directly. Direct addi- 
tion can only be used for in-phase currents. 


To determine the total current, draw a line parallel to the I, vector, begin- 
ning at the Ip arrowhead. This is the dashed line labeled A in Figure 21. 
Next, draw a line parallel to the I, vector, beginning at the I, arrowhead. 
This is the dashed line labeled B in Figure 21. To determine the total cur- 
rent, draw a vector from the intersection of the two vectors I, and I, to the 
intersection of the two lines A and B. This vector is called the RESULTANT 
and it represents the total circuit current. 
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12 DIVISIONS B 


TOTAL CURRENT 
28A 35° 


REFERENCE 
LINE 


Figure 
21 


USING VECTORS 


To find the value of the total current, measure the length of the resultant 
vector. That’s all there is to it! The resultant vector in Figure 21 is about 
28 small divisions long. Since each small division represents 1 ampere, the 
total current is about 28 divisions x 1 ampere = 28 amperes. 


To determine the phase of the total current, just measure the angle of the 
total current: its about 35 degrees in Figure 21. 


The graphical method shown in BEE 21 is called VECTOR 
because the method yields the “sum” of the two vectors. DO NOT Connie 
this type of addition with the conventional way of adding. 


In working with ac circuits, you will find that a 90-degree phase shift is 
common. Finding the resultant under these conditions is much simpler 
than when the phase shift is greater or less than 90 degrees. 


FF i sersveuieesics eae SE seeus GaaneseEEeeeanes 

EES 2 os 

rete HH eeestit LH HH 
eee cone aaasces Sener a PRAsoeaon 
Poo ay 905 SooMeNsaooeeSHom 
} oom ni HTH Sit HCH SeSeo0G0 CeleuESeodesbeson 
iseeese esette eaaae siitciteea! sockeecsenses PECsse0aSeones 
1s esette A IGIDTTOeE PAPA SeATAoeS 
Bl | ieee SRGH Ht a) iBegeRasex rt iL fiiesaaew 
sson sereerezst eee at ! He ; sie sussueeasasss 
L ecgeere rtant mera Gtis eet Bie 


Figure 22 


The vector diagram for the circuit of Figure 15 is redrawn in Figure 22. To 
find the resultant, two dashed lines are again drawn, one parallel to the E; 
vector and the other parallel to the E, vector. To determine the total voltage, 
the resultant vector is drawn from the intersection of the E; and E» vectors to 
the intersection of the dashed lines. Measure the length of the resultant vector 
to determine the total voltage. By drawing the vector diagram on graph 
paper as shown, it is a simple matter to draw the additional parallel lines to 
determine the resultant vector. Remember, this is a graphical procedure and 
your answers are only as accurate as your drawing. 


1058 
14 


In Figure 22, the resultant vector is approximately 25 small divisions in 
length. Since each small division represents 10 volts, the value of the re- 
sultant vector is 25 divisions x 10 volts = 250 volts. To determine the 
phase angle of the total voltage, measure the angle of the resultant vector. 
The measured phase angle in Figure 22 is about 307 degrees counterclock- 
wise from the horizontal reference line. For convenience, we would probably 
say that the resultant vector lags the horizontal reference (and E, which lies 
on the horizontal reference line) by 360 degrees — 307 degrees, or 53 de- 
grees. Also, the resultant leads the E, vector by 307 degrees — 270 de- 
grees, or 37 degrees. 


You can use vectors to determine the resultant of more than two out-of-step 
voltages or currents. To illustrate the method used, let’s determine the total 
current in the circuit of Figure 23. First, find the vector sum or resultant 
of any two of the currents. Then, use this resultant and the third current to 
find their resultant, which is the total circuit current. 


Let’s first find the vector sum of I, and I, in Figure 23. To set up a con- 
venient scale let each small division represent 1 mA. The I, vector will be 
20 small scale divisions in length and the I, vector will be 30 small scale divi- 
sions in length. Draw the I, vector at 0 degrees along the horizontal refer- 
ence and draw the I2 vector at 90 degrees, as shown in Figure 24. To obtain 
the resultant vector (vector sum of I, and I,), draw dashed lines parallel to 
I, and I., and draw the resultant vector to the intersection of the dashed 
lines, as shown in the figure. The length of the resultant vector is approxi- 
mately 36 small scale divisions and its angle is about 56 degrees. Therefore, 
the vector sum of I, and I; is 36 divisions x 1mA = 36 mA, at 56 degrees. 


61 mA 35 


ee 
aera 


I,+I5 
36 mA 56° 


aa - ~~ ~~ - REFERENCE 
LINE 


Figure 25 
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30 DIVISIONS 


20 DIVISIONS 


Figure 
24 


Figure 
7453 


I,+Ip 


36 mA 56° 


REFERENCE 
LINE 


USING VECTORS 


Figure 


Figure 
2h 


Now, combine the resultant vector of I, and I, shown in Figure 24 with the 
I; vector, as shown in Figure 25. Use the regular procedure to find the 
resultant (vector sum). The resultant vector in Figure 25 is approximately 
61 small divisions in length and it is at an angle of about 35 degrees. Since 
each small division represents 1 mA, the total circuit current is 61 divisions 
x 1 mA = 61 mA, at an angle of 35 degrees. You will have to use the 
ruler as shown in Figure 9 to measure the resultant vector. If the circuit 
contained another branch, you would then combine its vector with the 
resultant vector of Figure 25. In this example, we have considered the cur- 
rent vectors in a parallel circuit. The same method can be used to combine 
out-of-phase voltages in a series circuit. 


COMPARING VOLTAGES AND CURRENTS 


Vectors can be used to compare voltages and currents in a circuit. In this 
application, the vectors are not added or subtracted; they just provide us 
with a simple means of representing the conditions in an ac circuit. Figure 
26 shows such a vector diagram. This diagram shows us that there is an 
80-degree phase difference between voltage and current. This could be repre- 
sented by drawing the sinewaves for the voltage and current. However, this 
type of diagram would be more difficult to interpret. The vector diagram 
is easy to understand. 


Because vector angles are measured COUNTERCLOCKWISE from the 
reference, the I vector of Figure 26 LEADS the E vector. That is, THE 
CURRENT LEADS THE VOLTAGE by 80 degrees. 


Figure 27 shows another vector diagram. This diagram shows the E vector 
40 degrees counterclockwise, or ahead of the I vector. It shows that THE 
VOLTAGE LEADS THE CURRENT by 40 degrees. 
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following Practice Exercise questions cover the subjects which you 
just studied. They are: 


ADDING VOLTAGE VECTORS AND CURRENT VECTORS 
IN-PHASE AND 180-DEGREE OUT-OF-PHASE VECTORS 
VECTORS AT RIGHT ANGLES 
OUT-OF-PHASE VECTORS 


COMPARING VOLTAGES AND CURRENTS 


What is a resultant vector? 


How do you determine the value of a resultant vector? 


What name is given to the process of determining the resultant vector? 


Suppose that a series circuit contains two components. The voltage 
across one component, E,, is 150 volts at a phase angle of 0 degrees. The 
voltage across the other component, E>, is 150 volts at a phase angle 
of 90 degrees. Using a scale of 5 volts per small scale division, draw a 
vector diagram to determine the total circuit voltage. Graph paper is 
included at the end of this set of questions for the vector diagram. The 
graph paper is divided into sixteenths of an inch to match the scale on 
your scale-protractor. 


Besides the regular graphical method, how can you determine the vector 
sum of two vectors, A and B, at right angles to each other? 


A parallel circuit contains two branches. The current in one branch is 
6 amperes at 0 degrees and the current in the other branch is 8 amperes 
at 90 degrees. Using the formula, determine the vector sum. 


USING VECTORS Q2A 


17. 


18. 


How do you determine the resultant of two vectors that are 180 degrees 
apart? . 


A series circuit contains three components. The voltage across one 
component, E,, is 150 volts at an angle of 0 degrees, the voltage across 
the second component, E>, is 150 volts at an angle of 90 degrees and the 
voltage across the third component, E;, is 250 volts at an angle of 270 
degrees. What is the total circuit voltage? Use the graph provided at 
the end of this set of questions for your solution. Use a scale of one 
small division (1/16 inch) equals 10 volts. 
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USE THIS GRAPH FOR THE SOLUTION TO 
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SUMMARY 


Conventional addition cannot be used to combine voltages or currents that 
are not in step or in phase. Vectors provide a simple means of adding out- 
of-phase voltages or currents. They also provide a simple means of repre- 
senting ac voltages. 


A vector is drawn like an arrow. Its length represents the amplitude of the 
current or voltage being represented. The angle of the vector from the refer- 
ence line corresponds to the angle or phase of the voltage or current being 
represented. 


To determine the sum of two out-of-phase voltages or currents, you draw 
vectors to represent the voltages or currents. By drawing a resultant vector, 
you can determine the total voltage or current. This total voltage or current 
is called the vector sum. However, a voltage vector and a current vector 
cannot be added. 


When vectors are 90 degrees out-of-phase, their vector sum can be found 
mathematically, as well as by the use of vectors. 


The following formula is used for finding the sum of two vectors that are 
90 degrees out-of-phase: 


VECTOR SUM = V/ A2 +B? 


when A and B represent the lengths of the vectors to be added. 


If vectors are in phase (they have the same angle), you can find their sum 
by simply adding their values together. If vectors are 180 degrees out-of- 
phase, you find their resultant value by subtracting the smaller from the 
larger. The angle of the resultant is the angle of the larger vector. 
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IMPORTANT DEFINITIONS 


PHASE — The position or angle of a sinusoidal voltage or current with 
respect to a reference. 


RESULTANT — A vector which is the sum of two or more vectors. 


VECTOR — A line drawn like an arrow, that is used to represent a quantity. 
The length of the vector corresponds to the magnitude of the quantity. 
The angle of the vector corresponds to the direction or angle of the 
quantity with respect to a reference. 


VECTOR ADDITION — A graphical procedure for determining the sum 
of two or more vectors. 
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PRACTICE EXERCISE SOLUTIONS 


1. A vector is a line drawn like an arrow, which represents the peak 
amplitude of a voltage or a current. 


2. (a) amplitude. 


3. 25 small divisions (25 x 1/16 inch — 1-9/16 inches). 


4. counterclockwise — It is common practice to draw vectors in a counter- 
clockwise direction. 


5. Yes—If voltage B leads voltage A, we can also say that voltage A 
lags voltage B. 


6. Since the peak amplitude of each current is 1.5 amperes and the scale 
chosen is 1 ampere = 1 inch, the vectors for currents A and B would 
be 1.5 inches long. The vector for current B would be drawn 45 de- 
grees counterclockwise from vector A, as shown in the drawing below. 


CURRENT A 
— — — REFERENCE LINE 
1.5 INCHES 
ths 
MOTOR CURRENT 
20A 75° 
CURRENT THROUGH 
PURE RESISTANCE 
A fe} 
REFERENCE REFERENCE 
pee eR nt SSS ae ens 
LINE I5 DIVISIONS LINE 
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PRACTICE EXERCISE SOLUTIONS (Continued) | 


8. No— The motor’s inductance would cause the voltage and the current 
to be out of phase. 


9. False — Since the currents are out of phase, they cannot be added 
together directly to determine the total peak current. 


10. (a) leads I, by 50 degrees. 
11. A resultant vector is a vector that represents the sum of two vectors. 


12. First you measure the length of the resultant vector. Then multiply its 
length by the scale used. For example, if the vector is 25 small scale 
divisions in length and the scale is 1 mA per small division, the resultant — 
vector has a value of 25 x 1 mA = 25 mA. 


13. Vector addition. 
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changes in the examination questions. Therefore, when checking your answers with this check sheet, look at the 
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1058B 


1, C - THE LENGTH OF A VECTOR REPRESENTS -- AMPLITUDE. 
The length of a vector generally represents the peak amplitude of the voltage or current represented, 


2. B - THE ANGLE OF A VECTOR WITH RESPECT TO THE REFERENCE LINE REPRESENTS -- PHASE, 
The angle of the vector represents the phase of the voltage or current being measured. 


3. C - USING A SCALE OF 10 VOLTS PER SMALL SCALE DIVISION, THE LENGTH OF A VECTOR WHICH 
REPRESENTS A SINUSOIDAL VOLTAGE WITH AN RMS AMPLITUDE OF 100 VOLTS IS APPROXIMATELY -- 
14 SMALL DIVISIONS. 

The length of a vector represents the peak amplitude of a voltage. Thus, the vector must represent an ampli- 
tude of 100 volts X 1.414 or 141.4 volts. Since each small division represents 10 volts, the vector length is 
141.4/10 or approximately 14 small divisions. 


4. C -IF A SINUSOIDAL CURRENT HAS A PHASE ANGLE OF 30°, ITS VECTOR SHOULD BE DRAWN AT -- 
5025 
The angle of the vector with respect to the reference is the same as the angle of the current. 


5. A-IN THE DIAGRAM OF FIGURE 12 -- I2 LAGS Ij. 
Since the zero crossing point of I2 is 90 degrees behind Ij, I2 lags I}. 


6. A- WHAT IS THE TOTAL VOLTAGE IN A SERIES CIRCUIT IF THE VOLTAGES ACROSS THE TWO COM- 

PONENTS ARE 3 VOLTS AT AN ANGLE OF 0 DEGREES AND 4 VOLTS AT AN ANGLE OF 90 DEGREES? -- 5 | 
VOLTS. 
Since the angle between the two voltages is 90 degrees, the vector sum formula can be employed. The problem 

can also be solved graphically. 


Eg = VE]* + Ep? = V34 + 42 =\f9 + 16 =\/25 = 5 volts. 


7. A - THE RESULTANT VECTOR IN THE VECTOR DIAGRAM OF FIGURE 24 -- REPRESENTS THE VECTOR 
SUM OF 1] AND I. 
The vector sum of two vectors is obtained graphically by drawing the resultant vector. 


8. A - THE RESULTANT VECTOR IN A CERTAIN VECTOR DIAGRAM HAS A LENGTH OF 26 SMALL SCALE 
DIVISIONS. WHAT IS ITS VALUE IF EACH SMALL DIVISION REPRESENTS 10 mA? -- 260 mA. 
Since each small scale division has a value of 10 mA, the resultant vector has a value of 10 X 26 or 260 mA, 


9. B- WHEN VECTORS ARE 180 DEGREES OUT-OF -PHASE, THE RESULTANT IS FOUND BY -- 
SUBTRACTING THE SMALLER FROM THE LARGER. 

When vectors are 180 degrees out-of-phase, they are subtracted to find the resultant and when they are in 
phase, they are added to find the resultant, 


10. C + IN FIGURE 27 -- E LEADS T. 
Since the angle of E is greater than that of I, E leads I. We can also say that I lags E, 


lOS8A 


All explanations are the same as for 1058B except for those given below. 


5. A -IN THE DIAGRAM OF FIGURE 10 -- 12 LAGS 1}. 
Since the zero crossing point of I2 is 90 degrees behind Ij, Iz lags I. 


6. A - WHAT IS THE TOTAL VOLTAGE IN A SERIES CIRCUIT IF THE VOLTAGES ACROSS THE TWO COM- 
PONENTS ARE 3 VOLTS AT AN ANGLE OF 0°, AND 4 VOLTS AT AN ANGLE OF 90°? -- 5 VOLTS. 

Since the angle between the two voltages is 90°, the vector sum formula can be employed. The problem can 
also be solved graphically. 


Eg = VE12 + E22 =V34+ 42 =\f9 + 16 =\/25 = 5 volts. 
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QUESTIONS 


IMPORTANT — These instructions MUST be accurately followed to avoid loss, or 
errors in grading. 


Indicate your answer on this sheet by filling in the box for the most correct answer 
to each question, as illustrated in the example below. 


When all questions have been answered, place the answer card in the proper posi- 
tion to line up the boxes on the card with the boxes on the sheet. 


Next, copy the complete lesson code into the space provided on the card, and fill 
in the answer bexes to correspond with those previously filled in on this sheet. 


Before mailing, be certain your correct student number, name and address appear 
on the card. 


Example: A ruler is used to 
LESSON CODE Auleee | 
rn aa ze mm = CA... drill holes. B. measure distance. C. open cans. 
1058B . = D. apply paint. 


The LENGTH of a vector represents 
(A) frequency. (B) phase angle. (C) amplitude. (D) time. 


The angle of a vector with respect to the reference line represents 
(A) magnitude. (B) phase. (C) amplitude. (D) velocity. 


Using a scale of 10 volts per small scale division, the length of a vector which 
represents a sinusoidal voltage with an rms amplitude of 100 volts is approximately 
(A) 10 small divisions. (B) 7 small divisions. (C) 14 small divisions. (D) 16 small 
divisions. 

If a sinusoidal current has a phase angle of 30 degrees, its vector should be 
drawn at 

(A) 45 degrees. (B) 60 degrees. (C) 30 degrees. (D) 90 degrees. 


In the diagram of Figure 12, 
(A) Iz lags I,. (B) Ii lags Iz. (C) Iz leads 11. (D) Ii and I, are the same. 


What is the total voltage in a series circuit if the voltages across the two components 
are 3 volts at an angle of 0 degrees and 4 volts at an angle of 90 degrees? 
(A) 5 volts. (B) 15 volts. (C) 8 volts. (D) 2 volts. 


The resultant vector in the vector diagram of Figure 24 
(A) represents the vector sum of I, and I. (B) represents the difference between I, 
and I». (C) is in phase with I,. (D) is in phase with Ib. 


The resultant vector in a certain vector diagram has a length of 26 small scale 
divisions. What is its value if each small division represents 10 mA? 
(A) 260 mA. (B) 2600 mA. (C) 200 mA. (D) 26 mA. 


When vectors are 180 degrees out-of-phase, the resultant is found by 
(A) adding the smaller to the larger. (B) subtracting the smaller from the larger. 
(C) subtracting the larger from the smaller. (D) dividing the larger by the smaller. 


In Figure 27 
(A) I and E are 90 degrees out-of-phase. (B) I leads E. (C) E leads I. (D) E and 
I are in phase. 
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EXPERIMENT 6 


VACUUM TUBE CIRCUITS— 
CATHODE FOLLOWER AMPLIFIERS 


PARTS NEEDED 


1 - Multimeter with Test Leads and 
Spring Adapters 


- 4,7 k2, 1/2 W, Resistor 

- 470 1, 1/2 W, Resistor 

1 - Partially Completed Design feed 7 Vacuune Lube 

Console - 9-Pin Tube Socket with Leads 
Modular Connectors - No. 22 Solid Hookup Wire 
1°=-'9/k2, 1/2 W, Resistor 


— ete 
i 


OBJECTIVE 


Cathode follower amplifier (also known as common or grounded-plate amplifier) 
circuits will be analyzed in this experiment, While the conventional common- 
cathode (or grounded-cathode) amplifier has a high voltage gain, the cathode 
follower has a voltage gain just un under T7“In addition, the common- plate sta; stage 


has a higher input impedance anda lower output impedance than the | common- 
cathode stage. The grounded-plate amplifter” ts-oftén employed for impedance 
matching or isolation (where changes in the conditions of the stage following a 
cathode follower are not allowed to affect the stage preceding the cathode follower). 
Note that what is meant by "grounded" as in the 'grounded plate" circuit is that 
the plate is connected to ground as far as the signal is concerned (usually 

through sufficiently large de-coupling capacitors), Common-cathode circuits 

may have the cathodes connected to a de ground as well as to an ac ground, 

Note also that ''common"' and ''grounded'' have the same meaning; ''common- 
plate’ is the same as ''grounded-plate, "' 


PROCEDURE 
CATHODE FOLLOWER AMPLIFIER 


1. Construct the cathode follower circuit of Figure 6-1, following the layout of 
Figure 6-2. Make sure that the design console is turned off while constructing 

the circuit. Do not connect the jumper wire (at the grid) into the circuit at 

this time. Note that there is only an ac ground in this particular plate circuit. ihe 
capacitor providing this ac ground is the filter capacitor in the high voltage 

power supply. 


The tapped cathode bias resistor arrangement is used to provide the correct 
grid bias. Remember, in this circuit, the cathode is ata higher dc voltage 
than in a normal grounded-cathode amplifier and the high voltage requires 
extra care, If the grid resistor R3 were returned directly to ground, a higher 
bias would be provided, thus increasing the grid signal drive requirements 


9504 
6-1 


Vacuum Tube Circuits - Cathode Follower Amplifiers 
(the amplifier would then have a lower gain). ( 


2. Turn on the design console. The regulated voltage selector switch can be 
left at either the 6 or 30 volt position, since the low voltage supply is not used, 
Set the Adjust Voltage control fully counterclockwise, | 


3. Measure the voltages at the V] plate and cathode, as well as the voltage at 

the junction of Rj and R2, point Y. Remember, unless otherwise noted, all 

voltages are measured with respect to GND. | Oe 
V, Plate Voltage | volts de 


pot wt 


V1 Cathode Voltage 2 ee volts de 


Point Y Voltage We volts dc 


Note that’ the V7 plate voltage is equal to the supply voltage. 


4, The actual V, grid bias voltage is the voltage drop across R}. To find this 
voltage, subtract the Point Y voltage from the V) cathode voltage. 


V1 Grid Bias | 6 volts dc 


5. Turn off the design console while making the following connection, To apply _ 
a test signal to the circuit, connect the jumper wire into the circuit, This applie (| 
a 6.3 volt ac Signal to the grid circuit, 


6. Turn on the design console. Using the output function of your multimeter, 
measure the ac signal input voltage at the grid and the ac output voltage at the 
cathode, Record the values below. Turn off the design console, 


AC Input Voltage {> volts ac 
AC Output Voltage oy q volts ac 


7. The voltage gain of an amplifier is equal to the output voltage divided by the 
input voltage. Calculate the voltage gain and record below. 


Voltage Gain (Ay) = AC Output Voltage == \ ! om 
AC Input Voltage 
Your calculated voltage gain should be less than 1. The output signal ofa 
cathode follower circuit is always less than the input (but usually only slightly less).(( 
6-2 


Vacuum Tube Circuits - Cathode Follower Amplifiers 


CONCLUSION | 
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FIGURE 6-| 
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1, D-A CATHODE FOLLOWER CIRCUIT HAS -- A VOLTAGE GAIN LESS THAN 1, 
A cathode follower has a voltage gain a little less than 1 witha higher input impedance and a lower output 
impedance than the common-cathode stage. 


2. B-IN THE CIRCUIT OF FIGURE 6-1, IF THE BOTTOM END OF R3 IS RETURNED TO GROUND IN- 


STEAD OF TO THE JUNCTION OF R; AND R32, -- THE GRID-CATHODE VOLTAGE WILL INCREASE. 
Moving the lower end of the grid resistor to ground will increase the grid bias, thus reducing plate 
current, 


3. B- THE CATHODE FOLLOWER CIRCUIT OF FIGURE 6-1 IS ALSO REFERRED TO AS A -- GROUND- 
ED-PLATE AMPLIFIER, 

The cathode follower is also called a grounded-plate amplifier since the plate is at ac signal ground by its 
connection to the power supply. 


4, A- A GROUNDED-CATHODE AMPLIFIER HAS -- A LOWER INPUT IMPEDANCE THAN THE 
CATHODE FOLLOWER, 

A common-cathode amplifier has a lower input impedance and a higher output impedance compared to the 
common plate stage. The grounded-cathode stage has a voltage gain that is much greater than unity. 


5. D- WHAT WOULD HAPPEN IN THE CIRCUIT OF FIGURE 6-1 IF A LARGE BYPASS CAPACITOR 
WERE CONNECTED FROM CATHODE TO GROUND? -- THE VOLTAGE GAIN WOULD DECREASE. 

With the cathode bypassed, the ac output signal would be shorted to ground, thus reducing the output signal 
to almost zero, 


9504-6A 


All explanations are the same as for 9504-6B except for that given below. 
4, A- A GROUNDED-CATHODE AMPLIFIER HAS -- A HIGH INPUT IMPEDANCE. 


A grounded cathode amplifier has a high input impedance and a high output impedance with a high 
voltage gain. 
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When you get into a tight place and everything goes against 
you, till it seems as though you could not hold on a minute 
longer, never give up then, for that is just the place and time 
the tide will turn. 

—Harriet Beecher Stowe 


RLC EFFECTS ON AC 


It is often easier to understand circuit properties if they can be compared to 
some familiar mechanical action. For alternating circuits, the actions of a 
resistor, an inductor and a capacitor are very similar to three common 
mechanical characteristics of everyday experience. 


The RESISTANCE in a circuit is very much like the friction between two 
surfaces. When a block of wood is pushed back and forth across a smooth 
surface, it moves easily; that is, little “resistance” is offered. Therefore, it 
takes only a small pressure to produce a specific speed of motion. To over- 
come the increased friction of a rough surface, more pressure is required to 


move the block back and forth at the same speed. The energy used in push-. 


ing the block is dissipated as heat, and if the action has been vigorous 
enough, the heat can be detected by feeling the rubbed surfaces. 


The INDUCTANCE in a circuit acts somewhat like the forces involved when 
pedaling a bicycle. It takes a lot of push or “pumping” to get started, but 
once the desired speed is reached, the bicycle continues to coast when the 
pedaling ceases. The energy produced in pedaling is stored up in the bicycle 
motion and keeps it moving. The motion of the bicycle does not respond 
immediately to pressure. In fact, maximum speed is reached after the hard 
pedaling is over. Furthermore, the more quickly we try to change the speed, 
the more pressure is needed while a slower change requires less pressure. 


The CAPACITANCE in a circuit causes an action that is somewhat like 
pushing or pulling on a spring. It takes very little push at first, but as the 
spring is compressed further, more pressure is required. Maximum motion 
occurs during the first part of the push, and maximum pressure is required 
during the latter part. If the pressure is released, the spring will push back 
until restored to its original position. The energy stored in the spring com- 
pression returns the spring to its normal position. 


RESISTANCE IN AC CIRCUITS 


In the ac circuit illustrated in Figure 1A, the electric energy of the ac source 
is consumed and dissipated as heat in resistor R. Current is produced the 
instant voltage is applied across the resistor, and thus electric energy is con- 
sumed without delay. As the voltage increases, the current increases; when 
the voltage drops, the current decreases; and when the voltage reverses, the 
current also reverses. 
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CURRENT IN PHASE WITH VOLTAGE 


Figure 1 


These instantaneous relationships between voltage and current in a resistive 
ac circuit are shown by the curves of Figure 1B. Since the voltage and cur- 
rent increase and decrease ‘‘in step,” always in the same direction at the 
Same instant, they are said to be in phase. In the vector diagram of Figure 
1C, this condition is indicated by the fact that the current vector, I, overlaps 
with and points in the same direction as the voltage vector, E. 


INDUCTANCE IN AC CIRCUITS 


In the circuit of Figure 2A, resistor R of Figure 1A is replaced by inductor 
L. Any change of current in an inductor induces a voltage which opposes 


the change—of cimrent which-cansed-it—FHUs, while current is increasing, 
Hea pe see voltage and tends to prevent the in- 
crease. When the current is decreasing, the induced voltage reverses polarity 
and aids the supply voltage to oppose the decrease. 


According to the laws of induction, the induced voltage is proportional to 


ductor, the movement or change of the magnetic lines is proportional to the 
rate of current change. Therefore, the-induced-voltage is proportional to the 
rate of current change. The faster the change, the greatér-the induced volt- 
age. Remember that, regardless of its magnitude, _a_constant current does 


As indicated by curve E of Figure 2B, when a sinusoidal alternating voltage 
is applied across inductor L of Figure 2A, this voltage is constantly changing 
in magnitude and periodically reversing polarity. Since the current caused 
by this voltage has a similar change, the induced voltage also is continuous. 
The_ acti the induced emf, along wi e voltage, causes_the 
ies oe aaa eee . The curves of 
Figure 2B s ee ee containing in- 
ductance only. 
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Figure 
2A 
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E 
90° LAG ° 
I 
270) 
Figure 


2C 


CURRENT LAGS VOLTAGE BY 90° 


Figure 2B 


In Figure 2B the applied voltage, E, rises during the first quarter cycle, but 


because of the delay caused by the induced voltage, curve I is still going 
upward at the 90° phase of the source voltage, E. Curve I shows the cur- 
rent increasing rapidly at first, then more and more slowly until it reaches 
its maximum when the source voltage reaches the 180° phase. 


As already mentioned, the induced volta opposes the applied votane, one 
this opposi ion prevents the current Se rs maximum the in- 
stant the source voltage is~applied. _ The induced voltage is greatest whem 
HaemansM@etiiniaiansmertnala, in aac anaes aoe aa occurs 
when I passes through the base line, or zero amplitude. To see this change 
more clearly, draw a vertical line a few degrees each side of the 270° phase 
and note that they cross the I curve some distance above and below the base 
line. Then draw similar lines, equal distances each side of the 180° phase, 
and note that they both cross the I curve at about the same distance above 
the base line to indicate only a small change. 


Therefore, the highest _cemf will be induced_when-the~—current_is _passing 
through zero because that is the region of greatest change. At its peak value, 
the Current remains constant for an instant-and-there is no induced emf. In 
a zero resistance circuit containing inductance, the current will lag 90° be- 
hind the voltage. At maximum voltage across the inductor there will be zero 
current, and at zero supply voltage there is maximum current. 


Reading from left to right across the base line of Figure 2B, the E curve 
crosses upward at 0° while the current curve crosses upward 90° later. Thus 
the current “lags” the voltage by 90°. This “out-of-phase” condition is shown 
by the vector diagram of Figure 2C, where it is assumed that the vectors ro- 
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tate counterclockwise. The voltage vector E is drawn parallel to the base 
line to indicate the 0° start or 360° end of a cycle. The current vector I is 
drawn to correspond with the 270° phase, which lags 360° by 90°. 


Actually, there is always resistance as well as inductance in any practical 
circuit. For example, the connecting wires have resistance. However, this 
resistance may be very small compared with the effect of the inductance of 
L. Since all wires offer some resistance to an electric current, it is a prac- 
tical impossibility to construct a circuit with only inductance. Therefore, the 
current never lags the voltage by exactly 90°. Depending on the relative 


values_of resistance_and inductance, the actual angle of lag is between the 
0° of f Figure 1 and the 90° of Figure 2. inh igh 


CURRENT LAGS VOLTAGE BY 45° 


Figure 3 


To illustrate this action, in Figure 3 the circuit at A includes resistor R and 
inductor L with values which cause a current lag of 45°, as indicated by the 
curves of Figure 3B and the vector diagram of Figure 3C. 


INDUCTIVE REACTANCE 


All substances oppose electron flow by means of a property called resistance. 
Those having low resistance are classed as conductors while those with high 
resistance are considered insulators. Although~it-only “tends” to prevent 


current, inductance produces an opposing effect to an alter- 
nating current very similar to the 1e opposition of resistance to d to direct _ci current. 
This effect is call CTIVE [VE _REACTANCE. Like resistance, it is 


measured in ohms. 


The factors determining the inductive reactance of an inductor are related as 
shown by the following expression: 


(% ~ antl) 
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where: Xy, represents the inductive reactance in ohms; 
2m is a constant in which the Greek letter z, called “PI,” represents 
the quantity 3.1416, and 2 x 7 = 6.28, approximately; 
f is the frequency of the alternating current in Hz; and 


L is the inductance in henries. 


As an example, suppose we want to determine the approximate reactance of 
a filter choke in a power supply. If the inductance, L, is 10 henries and the 
frequency, f, is 120 Hz, then: 


».G — 2rfL 
='6.28°<t 120 Scal0 
= 7536 ohms. 


Often, it is convenient to further abbreviate this expression by representing 
2nf with another Greek letter, w, called OMEGA (lower case). Then, with 


27f equal to w, the expression reduces to: 
—_—_—eeee———, 


Xa tle (1) 


When the reactance and frequency are known, and it is necessary to deter- 
mine the inductance, Equation 1 can be rearranged to read: 


| X 
L= $4 = Xe (1a) 


As an example of the use of this form of the equation, suppose that a coil 
has a reactance of 62,800 ohms at a frequency of 1000 kHz, and its in- 
ductance is to be determined. Using Equation 1a: 


LXE 6283923105 
Prt 6.28 17 e108 


20.2824 1045<210:8 


= —2 
6.28 ely 


= .01 henry, or 10 millihenries. 
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Equation 1 can also be rearranged to determine frequency when the values 
of inductance and inductive reactance are known, as shown below: 


— 
a 27L 


(1b) 


CAPACITANCE IN AC CIRCUITS 


Figure 4A is similar to Figures 1A and 2A but has a capacitor connected 
across the ac source. Again, it is assumed that the circuit resistance is zero. 
NES eae Hida i of current. Instead, when a capaci- 
tor is connected acros >of -voltage; electrons flow from the negative 
terminal of the source to one capacitor plate. This excess of electrons on 


one plate repels electrons from the other plate, from which electrons flow to 
the positive terminal of the source. Because the electron flow is in and out, 


rather than through a capacitor, it is known as a X NT CUR- 
RENT. Oe ee, a 
eee 


CURRENT LEADS VOLTAGE BY 90° 


Figure 4 


While this action continues the capacitor is said to be charging, and the 
unbalance of electrons develops a voltage across the plates. Due e 
direction of electron flow, the negative plate of the capacitor connects to the 


negative terminal of the supp y. Therefore, the capacitor charges further. 
nly wh sdéd by the source-vol 


Co) its voltage is exceeded by thes Lage aris Saar te 
iE barre dea lars isd pobsis 


In a zero resistance circuit like that of Figure 4A, the voltage across capacitor 
C equals the source voltage, E, at all times. When the source voltage 
increases, the displacement current charges the capacitor to increase its volt- 
age also. a ae ea Tc gmat displace 
ment current, With-ne-change of source voltage, and equal capacitor voltage, 


es i 
the displacement current is zero. 
Rt EN ET, 
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When the source voltage decreases, the capacitor voltage causes a reversal 
of displacement current and discharges through the source. The displacement 
current varies with the rate of decrease of the source voltage to maintain 
equal capacitor voltage. Therefore, with an ac source as shown in Figure 
4A, the capacitor is charging and discharging continuously. 


Starting at the 0° phase in the curves of Figure 4B, and assuming that the 
capacitor is completely discharged, the rapid increase of voltage will cause 
the charging current to rise almost immediately to its maximum value. Then, 
as the rate of voltage increase lessens, the charging current will decrease 
until, at peak voltage, the capacitor is fully charged and the current is zero. 
This condition is indicated at the 90° phase of source voltage E in Figure 4B. 


This action is opposite to that of an inductor because, as shown in Figure 
4B, the current rises to maximum BEFORE the peak voltage occurs. There- 
fore, the current LEADS THE VOLTAGE and with nothing but capacitance 
in a circuit, it will lead the voltage by 90°, as illustrated by the curves of 
Figure 4B and the vector diagram of Figure 4C. 


I 45° 
UGles. 45° LEAD 
La ¢ O° 


& 


CURRENT LEADS VOLTAGE BY 45° 


Figure 5 


A practical capacitive circuit will always have some resistance, as shown in 
Figure 5A, and therefore, the angle of lead will be less than 90°. Figure 
5B shows the curves, and Figure 5C the vector diagram, for the circuit of 
Figure 5A, which we will assume contains capacitance and resistance of such 
values that the current leads the voltage by 45°. Since the current already 
has a fairly large value at 0° of the voltage curve, we find that the current 
curve crosses the base line 45° ahead of the voltage curve. 


CAPACITIVE REACTANCE 


The reactan sition_of _a_capacitor_to_the-voltage—set_up by an—ac 


ource is known as CAP CTANCE, and _like i ive—Te- 
actanee,—it-is measured in-Ohms. 
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RLC EFFECTS ON AC Q1 


The following Practice Exercise questions cover the subjects which you 
have just studied. They are: 


RESISTANCE IN AC CIRCUITS 


INDUCTANCE IN AC CIRCUITS 


INDUCTIVE REACTANCE 
CAPACITANCE IN AC CIRCUITS 


1. What is the phase relationship between voltage and current in an ac 
circuit containing only resistance? 


2. When examining a vector diagram showing voltage and current, how 
can you tell if voltage and current are in phase? 


3. The counter emf induced in an inductor is maximum when current is 
(a) maximum, (b) changing at its maximum rate, (c) minimum. 


4. Can a practical ac circuit contain only inductance? 


5. The maximum rate of change of current with a sinusoidal waveshape 
occurs when the current is (a) maximum, (b) passing through zero. 


6. In an ac circuit containing only inductance, what is the phase relationship 
between voltage and current? 


7. What is the phase relationship between voltage and current in an ac 
circuit containing both inductance and resistance? 


8. In an inductive circuit (a) voltage leads current, (b) voltage lags current, 
(c) voltage and current are in phase. 


9. What is the formula for inductive reactance? 


1061 


RLC EFFECTS ON AC Q1iA 


10. 


11. 


12. 


13. 


What is the value of inductive reactance of a 100 millihenry inductor 
at a frequency of 1 kHz? . 


Suppose at a particular frequency, a 10 millihenry inductor has a 
reactance of 9405 ohms. What is the frequency? 


What is the phase relationship between voltage and current in a purely 
capacitive circuit? 


What is the phase relationship between voltage and current in a circuit 
containing capacitance and resistance? 


The factors which determine the capacitive reactance (Xo) of a capacitor 
are related in the following way: 


fe expec! = (2) 


en tC. oC 


where: X¢ represents capacitive reactance in ohms; 
2x numerically is 6.28; 
f is the frequency in hertz (cycles per second); 
C is the capacitance in farads; and 


w is 2nf. 


As an example, suppose that we want to determine the capacitive reactance 
of a 50 wF capacitor at a frequency of 100 Hz: 


5 Co ee ee ey ee eee ee 
© ~ InfC 6.28 xX 1x 10?x 5 x 10° 


1 
ee 8] 102 
33145710 Boe 10 


or 31.9 ohms. 


In cases where the capacitive reactance and frequency are known, the capaci- 
tance of a capacitor may be determined by rearranging Equation 2 to read: 


se 
yr oe Cy 


Thus, if the capacitive reactance is 31.8 ohms and the frequency is 100 Hz, 
the capacitance is: 


ayeel 
TEX 


sa 1 
P60 8 5c lee 1028 3718: SC 10! 


1 ia 1 
20351108 wiu2ipeel 04 


excel Ostr0rs/SOunEs 
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The frequency can also be determined if the value of the capacitance and 
capacitive reactance are known, as shown below: 


1 


{9.500 (2b) 


IMPEDANCE 


So far, we have considered the effect of an ideal inductor or capacitor alone 
in an ac circuit. There is always some resistance in any practical circuit, 
and it is necessary to determine what overall Opposition the combinations 
of R and L or R and C have to the applied voltage. Each of these electric 
quantities offers different types of opposition separately, but together, resist- 
ance and reactance “impede” the current, and _ this opposition is called 
IMPEDANCE (Z). Impedance is measured in ohms. 

——____ hy 


i 


Ohm’s Law applies to alternating current circuits when the R for resistance 
is replaced by a Z for impedance. Making this change, the three forms of 
Ohm’s Law for alternating current circuits are: 


Layee d VA (3) 
Z=E/I (3a) 
= EZ, (3b) 


where: I = amperes, 
E = volts, and 


Z = ohms. 


IMPEDANCE OF SERIES CIRCUITS 


There are several methods by which the impedance of an ac circuit can be 
determined, but at this time we will use vector diagrams to determine im- 
pedance. 


In the same way that vectors show the magnitude and direction of current 
I and voltage E in a circuit, vectors can also be used to represent the 
magnitude and direction of resistance, reactance, and impedance. 
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X_ = 4 OHMS 


For a circuit like Figure 3 which contains a resistor, R, and an inductor, L, 
the opposition offered by the resistance is in phase with the voltage while 
the opposition offered by the inductance is 90° out-of-phase with the voltage. 
As a specific illustration, we will assume that the resistance of R is 3 ohms, 
and the reactance of inductor L is 4 ohms. These values and phase angles 
are represented by the vectors of Figure 6A. The resistance vector is used 
as the reference vector because resistance does not introduce a phase shift. 


To add these two vectors, lines are drawn parallel to the R and Xj, vectors, 
as shown in Figure 6B. The resultant vector represents the circuit impedance, 
which is the vector sum of R and X;. Remember, out-of-phase voltages, 
currents, or reactances must be added vectorially. The length of the resultant 
vector in Figure 6B is 5 units, which represents an impedance of 5 ohms. 
The phase angle of the impedance vector can be measured with respect to 
the reference line. In this case, the angle is approximately 53°. 


In a capacitive circuit like that of Figure SA, the opposition offered by the B 
resistance is in phase with the voltage, while the opposition of the capacitor Figure 
is 90° out-of-phase. Let’s assume a resistance of 3 ohms and a capacitive g 
reactance of 4 ohms. 

These values and phase angles are indicated by the vector diagram of Figure Apa aeinve 


7A. Notice that the capacitive reactance vector is 90° out-of-phase with waa 
the resistance but is now drawn downward instead of upward. It has become 
conventional to avoid confusion between an inductive reactance and a capaci- 


tive reactance by always DRAWING THE INDUCTIVE REACTANCES _ 
UPWARD and the CAPACITIVE REACTANCES DOWNWARD. 


Again, the vectors are added in the same manner as was done in Figure 6. 
Lines are drawn parallel to the X, and R vectors to determine the resultant 
vector. The resultant vector is the circuit impedance, the vector sum of 
Xo and R. We find that the resultant impedance in Figure 7B is 5 ohms 
and capacitive, as the vector points between the resistance and capacitance 
vectors. 


From these series circuit examples, we can observe that if the Pewter) 
vector is always pointed upward, the resistance vector to the right, and the > 


capacitance vector downward, the resultant vector not only gives the value X¢= 4 OHMS 
of impedance, but also indicates whether the circuit is inductive or capacitive. B 
cere Figure 
i 


The impedance for a series circuit can also be found mathematically by 
employing the vector sum formula, since R and Xz, or Xo are 90° apart. 
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This process can produce more exact answers since the inherent inaccuracies 
of the graphical solution are eliminated. 


When using the vector sum formula, the square root of a number must be 
determined. The appendix at the end of this lesson gives a square and square 
root table as well as instructions for its use. 


The impedance of a series RL circuit is found arithmetically by use of the 
vector sum formula: 


Z=>/ R24 X;2 (4) 


For the particular example of Figure 6, the series RL circuit has a resistance 
of 3 ohms and an inductive reactance of 4 ohms. The impedance is: 


Z=/RtXt=/ Pee 
Z=\/ 9+ 16 =\/ 25 or5 ohms. 


A series RC circuit is solved exactly the same way as an RL circuit except 
that the X, vector points downward to distinguish it from an X,, vector. The 
vector diagram and data for such a circuit is shown in Figure 7B and the 
impedance equation is: 


Z=\/ REX (5) 


In this case, R = 3 ohms, X, = 4 ohms and the impedance is: 


Z, 2s /BER 24/6 


= 255 S20hms: 


A more general equation for RL or RC series circuits is: 


2 = JERE ) (6) 


o 


in which X replaces X; or Xo without using the subscript identifying the part. 
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The following Practice Exercise questions cover the subjects which you 
have just studied. They are: 


14, 


15. 


16. 


17. 


18. 


19, 
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CAPACITIVE REACTANCE 
IMPEDANCE 
IMPEDANCE OF SERIES CIRCUITS 


What is the formula for capacitive reactance? 


What is the value of capacitive reactance of a 100 pF capacitor at 
1 MHz? 


At what frequency will a .01 .F capacitor have a reactance of 1 k0? 


The impedance of R and X, in a series RL circuit is their (a) arithmetic 
sum, (b) vector sum. 


Using vectors, determine the impedance of a series RL circuit where 
R = 8 ohms and X,; = 6 ohms. 


What vector is used as the reference vector in a vector diagram for a 
series RL or RC circuit? 


RLC EFFECTS ON AC Q2A 


20. If the angle of the impedance vector is between 0 and 90°, the circuit 
is____________, and if the angle of the impedance vector is between 
270° and 360°, the circuit is ___—=—s———~CS 


21. What are the vector sum formulas for determining the total impedance 
of series RC and RL circuits? 


22. Using the vector sum formula, what is the impedance of a series RL 
circuit where R = 100 ohms and X;, = 300 ohms? 


() 


IMPEDANCE OF PARALLEL CIRCUITS 


The conventional formulas used for parallel circuit resistance cannot be used 
to determine the impedance of a parallel circuit. Remember, voltage and 
current are not in phase in circuits having inductance or capacitance. In a 
Series circuit, the impedance ‘can be found by taking the vector sum of R 
and X~ or R and X,. The -veeter-sum process cannot be readily applied to 


the product over the sum relationship used for parallel circuits. Instead, 
pipe indirectly by determining total circuit current. Since — 
the total current is the sum of the branch circuits, the total current in a 


parallel RC or RL circuit is the vector sum of the branch currents. 


IR 3AMPS E 
0° 


270° 315° 
PARALLEL RESISTOR AND INDUCTOR 


Figure 8 


Figure 8A shows a parallel circuit consisting of a resistor and an inductor. 
The E vector is used as the 0° reference, and may be drawn to any con- 
venient length, since the same voltage is applied to each component in a 
parallel circuit. The current, Ip, in the resistive branch, R, is in phase with 
the applied voltage, E, but the current, I,, in the inductive branch, L, lags 
the voltage by 90°. These phase relationships are indicated by the vector 
diagram of Figure 8B. Notice that the I, vector is drawn on top of and in 
the same direction as the E vector. 


With vectors of the proper length and direction for each of the currents, they 
may be added as previously explained. The resultant vector, Iz, will point 
in a direction between 270° and 0°, depending on the relative magnitudes 
of the resistive and inductive currents. (Remember, current lags voltage in 
an inductive circuit.) 


If the resistance is equal to the inductive reactance, then the resultant current, 
Iz, LAGS the applied voltage by 45°. To illustrate such a condition, for 
Figure 8 we will assume that R has a resistance of 8 ohms, L has an inductive 
reactance of 8 ohms, and the applied voltage is 24 volts. 
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The branch currents are: 


—~£E 
h=, 


= = =3 amperes. 


= = 3 amperes. 


The Ip vector is drawn 3 units long in the 0° direction to represent the 
resistive current, and vector I, is also drawn 3 units long in the 270° direc- 
tion, to represent the inductive current lagging the reference voltage by 90°. 
By using the technique described for Figures 6 and 7, the resultant vector, 
I,, will be found to be 4.25 units long in the direction of 315°, or lagging 
the source voltage by 45°. This angle can be measured by a protractor. 
Since 1 unit represents 1 ampere, 4.25 units represent 4.25 amperes. The 
resulting impedance is: 


ia 


I, 


Lay 24. 7s 
= 455 = 5.65 ohms. 


Figure 9A shows a parallel circuit consisting of a resistor and a capacitor. 
Again, the E vector is used as the reference. The impedance can be deter- 
mined by the same methods as used for a parallel inductor and resistor 
combination. The difference will be in the phase relationship between current 
and voltage. 


The resistive current vector, Ip, is drawn in phase with the applied voltage 
in the 0° direction, and the capacitive current vector, I., is drawn leading 
the reference vector by 90°. (Remember, voltage lags current in a capacitive 
circuit.) With the same values of resistance and reactance as were used for 
the example of Figure 8, the resultant current, I,, and the impedance, Z, 
will be the same. The difference is that the resultant current vector, Iz, leads 
the source voltage by 45°. 
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PARALLEL RESISTOR AND CAPACITOR 


Figure 9 


The vector sum formula can also be used to determine the impedance of a 
parallel RC or RL circuit. The vector sum formula is used to determine the 
total circuit current. The circuit impedance is then found in the same manner 
as when the graphical vector sum procedure is employed. 


The value of I, is: 


= 1p? + i? (7) 


In the diagram of Figure 8B, Ip and I, are each 3 amperes, and replacing 
the symbols with the currents they represent, the equation can be solved: 


Ihe Sa NY, ays ae, Bee 
=,/ 949 


= 18 = 4.243 amps. 


In most cases this current can be “rounded off” to: 


I, = 4.24 amperes 


which compares favorably with the measured vector Iz as 4.25 amperes. The 
calculated impedance is then: 


= 5.66 ohms. 
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Notice that this net or resultant impedance, Z, is less than the 8 ohms resist- 
ance of the R branch, and less than the 8 ohms inductive reactance (X,,) of 
the L branch. This example again proves the general rule for a parallel 
circuit: 


————————————— 
THE RESULTANT OPPOSITION TO THE ACTING 
VOLTAGE IS LESS THAN THE SMALLEST OF 


ANY OF ITS BRANCHES. 
—$ $$ arate Tain | 


From Equation la, and assuming a frequency of 60 Hz, the inductance L of 
the circuit is: 


Eg BE 
= 397 = 0212 henry. 


1 CANNOT be compared with Z because Z is measured in ohms and L in 
henries. Numerically, though, Z is larger than L. The current in the L 
branch is determined from: 


[I = 


E 
Xi, 
Also, ie = 


As explained, I, and I,, must be combined vectorially, NOT ADDED, to 
find I,. Finally, the impedance of an RL circuit is found from the equation: 
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The vector sum formula can also be used in the RC circuit of Figure 9. In 
this case, I, takes the place of I, in the vector sum formula: 


1 F Sety/1 S be (8) 


Again, I, = 4.24 amperes and Z = 5.66 ohms (approximately ). 


In the above explanations we followed fundamental principles. For parallel 
circuits, the source voltage is applied across each branch. However, to find 
the total current, due to the effects of reactance, the branch currents were 
added vectorially in order to determine the total current. For conditions of 
either a capacitor or an inductor in parallel with a resistor, Ix replaces Ic 
or I,. Thus, as a general equation: 


L=vV 2+ le (9) 


Also, due to the effects of reactance, the total or equivalent opposition to 
the current is the impedance of the circuit. 


The relationships of voltage and current in parallel circuits are shown in 
Figure 10. 


VOLTAGE AND CURRENT IN SERIES CIRCUITS 


The impedance of a parallel circuit is found indirectly by first ean) 


total circuit current. A similar procedure can be employed in series circuits 
by determining total circuit voltage and current. The impedance is then 


equal to the total circuit voltage divided by the circuit current. f 


The current is the same in all parts of a dc series circuit at any instant, but 
the voltage drops across the different components vary with their resistances. 
The total circuit resistance is equal to the sum of the separate resistances, 
and the sum of the separate voltage drops is equal to the applied, or source, 
voltage. 


In general, these conditions hold true for ac series circuits, but the effects of 
reactance make it necessary to employ vector addition to determine im- 
pedances and voltage drops. For vector diagrams of ac series circuits, the— 


current is used as the reference because it is the-same~ in-alt- parts Oo 
Se en Spa re ee Tne ee 


circuit. 
La 
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Figure 
10 


RLC EFFECTS ON AC 


Figure 
12 


Eq IeVOLTS 0 “len 
SERIES RESISTOR AND INDUCTOR 


A 


Figure 11 


. Figure 11A shows a series circuit which includes a resistor, R, an inductor, 


L, and an alternating voltage source, E. Using the circuit current as the 
reference, in Figure 11B, vector I is drawn in a horizontal direction and 
labeled 0°. Since the voltage drop across a resistor is in phase with the 
current through it, vector Ep also is drawn in the 0° direction. Finally, since 
the current through an inductor lags the voltage across it by 90°, vector 
E;, is drawn leading the reference current by 90°. Figure 12 shows the 
relationships of voltages and current in series circuits. 


Just as the impedance of the parallel circuit is found by dividing the applied 
voltage, E, by the resulting current, Iz, the impedance of a series circuit can 
be found by dividing the circuit voltage, Ez, by the circuit current, I. 


Let’s use the graphic vector addition method first, and assume that R has a 
resistance of 6 ohms, L has an inductive reactance of 6 ohms and the series 
circuit current, I, is 2 amperes. The voltage drop across each component is: 


pi leu 
1-2 Oral EVOlts: 
Bees SGexX 


=) 2 Ors Oa volts. 


Selecting convenient lengths for drawing the vectors, let one unit equal 4 
volts. Then 12 volts is 3 units long. In Figure 11, the 0° I vector can be 
drawn to a suitable length which exceeds the resistor voltage vector. 


The. Ex vector, 3 units long, is drawn in the 0° direction to represent the 
resistive voltage, and the E;, vector, also 3 units long, is drawn in the 90° 
direction as the inductive voltage, leading the reference current vector, I. 
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Using the same method described for vector addition for Figures 6 and 7, 
the resultant voltage vector, Ez, is approximately 4.25 units in length in the 
45° direction. Since 1 unit = 4 volts, 4.25 x 4 = 17 volts. Thus, E, = 17 
volts approximately, and it leads the current by 45°. This is the same as 
saying that the current lags the voltage, since the circuit is inductive in na- 
ture. In a series RL circuit, the total, or circuit, voltage, E,, is determined 
from the equation: 


Eee ee Es (10) 


Here, in the notation Ez, the letter E represents the applied circuit voltage, 
and the subscript Z indicates that the voltages Ep and E,, are to be combined 
vectorially. Substituting the voltage drops of the example into the equation, 


BN ol 221 22 
—/ 144 +4 144 
==\/2288 


— 16.98 or 17 volts approximately. 


The circuit impedance is: 


ERE 17 
Tb poe [enneDoi 8.5 ohms. 


Notice that the “total impedance” is greater than either the resistance, R, 
or induc > 2q, of 6 ohms each. This is a characteristic-of_series 


aie SS Pe LS OO aera WA > 2 SES * 
circuits. Sa ee eee 
R 
= (es 
70° 
A SERIES RESISTOR AND CAPACITOR B 


Figure 13 
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Figure 13A shows a series circuit of a resistor, R, and a capacitor, C. Again, 
current I is the reference vector and vectors Ec, Er, and the resultant vector 
E,, are as shown in Figure 13B. Although the I vector leads the Eg vector 
by 90°, E, is drawn at the 270° phase. With the same values of resistance, 
reactance and current as used for the illustration of Figure 11, the voltage 
and impedance will be exactly the same, but in this case the current leads 
the voltage by 45° since the voltage is at the 315° phase. Briefly then, the 
previous equation contains an “E,”” instead of E,2 and: 


E,=/ Ep? + E,? (11) 


Again, Z = 8.5 ohms (approximately). 


To cover conditions when a capacitor or inductor is acting in series with a 
resistor, Ex may be used for either E, or E;. Thus, in a general equation: 


Fz = Es? + Ex? (12) 


PRACTICAL METHODS OF 
MEASURING IMPEDANCE 


Why is impedance important? Because many of the components such as 
chokes, capacitors, transformers, loudspeakers, tuned circuits, filters, anten- 
nas and transmission lines have impedance ch istics when in ac circuits, 
and knowledge of how they function gives “a clue to GMM doe 
equipment containing them. Although impedance measurements probably 
won't be made as often as resistance measurements in service and mainte- 


nance procedures, Figure 14 illustrates a voltmeter-ammeter impedance- 
measuring method. 


The ac ammeter is connected in series with a block, Z, which represents the 
connections to an unknown impedance, and the combination is connected 
to an ac source of voltage, E, that has a specific frequency. The ac voltmeter 
is connected as shown and forms a parallel circuit with the load. Therefore, 
it preferably is an electronic meter with a high input impedance so that it 
will not affect the Z measurement. As explained in this lesson, the imped- 
ance (in ohms) of an ac circuit is: 


E 
Z=— 
I 


where: I is in amperes and 


E is in volts. 
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Figure 14 


The meter indicating scales for I and E must be the same —either rms, 
peak, or average. For example, if I = .05 ampere, and E = 50 volts, the 
_ impedance will equal 


E 
LS 
I 


Us 
05 


= 1000 ohms. 


Another impedance-measuring method is shown in Figure 15. It does not 
require the measurement of alternating current. The circuit arrangement takes 
the form: of a “bridge,” and adjustments must be performed before a record- 
ing is obtained. 


The unknown impedance, Z, which may be a capacitor, coil or some com- 

bination of inductance, capacitance, and resistance, is connected in series 

with a calibrated rheostat (variable resistor) and a source of ac voltage. 

The variable resistor scale reads directly in ohms. The source voltage forces 

a current through the unknown impedance and the variable resistor in series, 
) causing voltage drops E, and Ep across the separate components. 
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AC SOURCE 


CALIBRATED SCALE 


Figure 15 


With the voltmeter (preferably a high impedance type) connected to the 
switch as shown, it is possible, by “flipping” the switch from position 1 to 
position 2, to measure the voltage across Z and then across a portion of R, 
depending upon the variable arm position. In switch position 1 the E, 
voltage is measured, and in position 2 the Ep voltage is measured. If Ep 
differs from Ez, then R is varied until Ez = Ez. This procedure may require 
that the switch be thrown from one position to the other several times. When 
balance is achieved, the scale marking of the indicator or R is noted. This 
R = Z indication is the impedance of the component at the frequency of 
the source voltage. A convenient source voltage is that of the ordinary house 
lighting circuit 60 Hz. Both of the methods of measurement that were 
described require that the frequency of the source voltage be known. If the 
impedance of other frequencies must be determined, an electronic sinewave 
generator which will produce an output at the desired frequency must be 
used in place of the 60-Hz source. 
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The following Practice Exercise questions cover the subjects which you 
have just studied. They are: 


IMPEDANCE OF PARALLEL CIRCUITS 
VOLTAGE AND CURRENT IN SERIES CIRCUITS 


PRACTICAL METHODS OF MEASURING IMPEDANCE 


23. Explain how total impedance is found in a parallel circuit by using 
vectors. 


24. Determine the total impedance in the following circuit by using vectors. 


Xp=es LL 


25. Is the phase relation between voltage and current in series and parallel 
RC circuits the same? 


26. Determine the total circuit current in the following circuit by using 
vectors. 


E R=250 ~~ Xc=25 


27. How is the vector sum formula employed in determining the impedance 
of a parallel RC or RL circuit? 
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28. Using the vector sum formula, what is the impedance of a parallel RC 
circuit where E = 150 volts, X, = 300 ohms and R = 600 ohms? 


29. How is the impedance of a series RL or RC circuit found by employing 
circuit voltage and circuit current? 


30. What is the impedance of the circuit shown below? 


Xi = [ket 


- 
YOO 


1 


IT =50mA 


31. How is the impedance found in the circuit of Figure 14? 


© 


1061 
Q3A 


SUMMARY 


To help you remember the important points in this lesson, a chart is included 
at the end of this summary. In a sense, this chart is a summary of the major 
points of the entire lesson. 


For example, if you wanted to quickly review the essential characteristics of 
an ac circuit containing a resistor R in series with an inductor L, you can 
readily locate the circuit arrangement in columns 1 or 2. Column 3 gives 
the phase angle relationship, and column 4 indicates the associated vector 
diagram. The most useful equations are given in column 5, whereas addi- 
tional general comments appear in column 6. 


You may have wondered why parallel and series RLC combinations were 
not included in this lesson. They haven’t been forgotten. However, they are 
best explained in the next lesson where we tell you how changes of frequency 
affect ac circuits containing inductance and capacitance, and their combi- 
nations with resistance. 
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SUMMARY CHART 


Nature Phase Angle Most 
Be Components Vector Useful 


Between Diag 
Circuit Employed E and I eter Equations 


E and I F ; - 
in phase applied voltage E = IR 
The induced voltage action 
L only ITlags E 90° causes the circuit current 
to lag the voltage 


= Due to the very rapid charge 
I leads E 90 of a capacitor, the circuit 
current leads the voltage. 


General 
Comments 


The Ip vector is in phase with 

the reference vector E. The 

IL, vector lags the reference 

vector by 90 . Z in ohms is 

0 and 90 less than the smaller of R or 
XL- 


Rand L liags E 
in parallel between 


2 The Ip vector is in phase with 
eo the reference vector E. The 

R and C I leads E = Za E Ic vector leads the reference 
in parallel between ax : vector by 90 . Z in ohms is 

0 and 90 Pa 1 0°TO 90° ue than the smaller of R or 


ae 
| The ER vector is in phase with 

| the reference vector I. The Ey, 
in series between 


4 
0 and 90 > 


A os ‘ = by 90 . Z in ohms is greater than 
7 \ 0,70 90 the larger of R or XL. 


Rand L I lags E le G vector leads the reference vector 
| 
| 


The ER vector is in phase with 
the reference vector I. The 
Rand C I leads E f Ec vector lags the reference 
in series between vector by 90 . Z in ohms is 
0 and 90 greater than the larger of R 
or Xc. 


ov NO S1L9344d4 9714 


APPENDIX 
SQUARES AND SQUARE ROOTS 


The following table is given as an aid in working out problems involving 
Squares and square roots. The square or square root of any whole number 
from 1 to 100 can be found by means of the first three columns, headed 
n, n?, and \/n. 


As an example, to find the square of the number 6, we first locate 6 in the 
n column. Then, moving across to the n? column, we find the number 36, 
which is equal to 67. 


To find the square root of 49, we first locate 49 in the n column. Then, 
moving to the right to the \/n column, we find the number 7, which is equal 


to \/49. 


The fourth column, headed \/10n, permits finding the square root of every 
tenth number from 10 to 1,000. As an example, suppose we desire to find 
the square root of 650. Dividing 650 by 10, we obtain 65. That is, 650 
is equal to 10 x 65. Accordingly, we can substitute the number 65 for n 
in the expression \/10n. To find the root, we locate 65 in the n column, 
then move across to the \/10n column where we find the number 25.495, 
which is equal to \/650. 


Finally, the numbers in the n column are the square roots, respectively, of 
the particular numbers listed in the n° column. For example, to find the 
square root of 625, we first locate this number in the n? column, then move 
left to the n column to obtain 25, which is the square root of 625. 
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APPENDIX (Continued) 


n n? Vn 10n n n’ Vn 10n 

1 1 1.000 3.162 51 2,601 7.141 22.583 

2 4 1.414 4.472 52 2,704 7.211 22.804 

3 9 1-732 5.477 53 2,809 7.280 23.022 

4 16 2.000 6.325 54 2,916 7.348 23.238 

5 25 2.236 7.071 55 3,025 7.416 23.452 

6 36 2.449 7.746 56 3,136 7.483 23.664 

7 49 2.646 8.367 57 3,249 7.550 23.875 

8 64 2.828 8.944 58 3,364 7.616 24.083 

9 81 3.000 9.487 59 3,481 7.681 24.290 
10 100 3.162 10.000 60 3,600 7.746 24.495 
11 121 3.317 10.488 61 3,721 7.810 24.698 
12 144 3.464 10.954 62 3,844 7.874 24.900 
13 169 3.606 11.402 63 3,969 7.937 25.100 
14 196 3.742 11.832 64 4,096 8.000 25.298 
15 225 3.873 12.247 65 4,225 8.062 25.495 
16 256 4.000 12.649 66 4,356 8.124 25.690 
17 289 4.123 13.038 67 4,489 8.185 25.884 
18 324 4.243 13.416 68 4,624 8.246 26.077 
19 361 4.359 13.784 69 4,761 8.307 26.268 
20 400 4.472 14.142 70 4,900 8.367 26.458 
21 441 4.583 14.491 71 5,041 8.426 26.646 
22 484 4.690 14.832 72 5,184 8.485 26.833 
23 529 4.796 15.166 73 5,329 8.544 27.019 
24 576 4.899 15.492 74 5,476 8.602 27.203 
25 625 5.000 15.811 15 5,625 8.660 27.386 
26 676 5.099 16.124 76 5,776 8.718 27.568 
ae| 729 5.196 16.432 77 5,929 8.775 27.749 
28 184 5.292 16.733 78 6,084 8.832 27.928 
29 841 5.385 17.029 79 6,241 8.888 28.107 
30 900 5.477 17.321 80 6,400 8.944 28.284 
31 961 5.568 17.607 81 6,561 9.000 28.461 
32 1,024 5.657 17.889 82 6,724 9.055 28.636 
33 1,089 5.745 18.166 83 6,889 9.110 28.810 
34 1,156 5.831 18.439 84 7,056 9.165 28.983 
35 1,225 5.916 18.708 85 7,225 9.220 29.155 
36 1,296 6.000 18.974 86 7,396 9.274 29.326 
37 1,369 6.083 19.235 87 7,569 9.327 29.496 
38 1,444 6.164 19.494 88 7,744 9.381 29.665 
39 1,521 6.245 19.748 89 7,921 9.434 29.833 
40 1,600 6.325 20.000 90 8,100 9.487 30.000 
41 1,681 6.403 20.248 91 8,281 9.539 30.166 
42 1,764 6.481 20.494 92 8,464 9.592 30.332 
43 1,849 6.557 20.736 93 8,649 9.644 30.496 
44 1,936 6.633 20.976 94 8,836 9.695 30.659 
45 2,025 6.708 21.213 95 9,025 9.747 30.822 
46 2,116 6.782 21.448 96 9,216 9.798 30.984 
47 2,209 6.856 21.679 97 9,409 9.849 31.145 
48 2,304 6.928 21.909 98 9,604 9.899 31.305 
49 2,401 7.000 22.136 99 9,801 9.950 31.464 
50 2,500 7.071 22.361 100 10,000 10.000 31.623 
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IMPORTANT DEFINITIONS 


CAPACITIVE REACTANCE (X.) — The opposition that an alternating 
current experiences due to the capacitive effect that exists in a circuit. 


INDUCTIVE REACTANCE (X,) — The opposition that an alternating 
current experiences due to the inductive counter emf that is developed 
in a circuit. 


IMPEDANCE (Z) — The total opposition to current in an ac circuit. The 
vector sum of resistance and reactance. It is measured in ohms. 


Numerically, Z = \/ R? + X? 
OMEGA (.) — A Greek letter. Used to designate the term 2zf. 


PI (x) —A Greek letter. Used to designate 3.1416. 
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ESSENTIAL SYMBOLS AND EQUATIONS 


C Capacitance (farads) 
ER Voltage across resistor (volts) 
Ex Voltage across reactance (volts) 


Ey Voltage across impedance (volts) 


f Frequency (hertz, or cycles/second) 
I, Current in capacitor (amperes) 

I, Current in inductor (amperes) 

Ip Current in resistor (amperes) 

Ix Current in reactance (amperes) 

I, Circuit current (amperes) 


Inductance (henries) 
xX Reactance (ohms) 
Xo Capacitive reactance (ohms) 
Xz Inductive reactance (ohms) 
Zz Impedance (ohms) 
7 Pi (3.1416) 


o Omega (2zf) 


ye) OPT MAL (1) 

= He ms *e (la) 
f= oe (1b) 
Xo (2) 
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ESSENTIAL SYMBOLS AND EQUATIONS 


Se oaiks & oXS 
es 

27XoC 
E12 
L/h 
I=E/Z 
Lee R2 + X,;? 
La R2 + X,? 
L= R? + X? 


IL, =V I? + 12 
L=V lh? +1? 
L=V I? +12 
E, = V En? + BE? 
E, = \/ Ex? + Ee? 
E, = \/ Ex? + Ex? 
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(Continued) 


(2a) 


(2b) 


(3) 

(3a) 

(3b) 

(4) 

(5) 

(6) (General Form) 
(7) 

(8) 

(9) (General Form) 
(10) 

(11) 

(12) (General Form) 
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11. 


i PAs 


13: 


14, 


PRACTICE EXERCISE SOLUTIONS 


Voltage and current are in phase in an ac circuit containing only 
resistance. 


If the vectors overlap one another, they are in phase. 


(b) changing at its maximum rate.— The induced counter emf is 
directly proportional to the rate of change of current. 


No — there is always some resistance in the connecting wires as well 
as in the inductor itself. 


(b) passing through zero. — The rate of change is maximum when a 
sinusoidal waveshape passes through zero. 


The phase relationship between voltage and current in a purely inductive 
circuit is 90°, with I lagging E. 


In a circuit containing both inductance and resistance, the phase 
relationship between voltage and current will be between 0 and 90°, 
depending upon the values of L and R. 


(a) voltage leads current. 
X, = 2rfL; or X, = oL. 


628 ohms. — X; = 27fL = 6.28 x 1 x 10? x 1 x 107 = 6.28 
x< 107, or 628 ohms. 


X, _ 9.405 x 10° 


190) KHz. — | — oa paees GSiTESIOe 


= 1.5 x 10°, or 150 kHz. 


In a purely capacitive circuit, current leads voltage by 90°. 


In a circuit containing capacitance and resistance, current leads voltage 
between 0 and 90°, depending on the values of C and R. 


papel ae ly 
ains aryey at 2S =i re 
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1 1 
PERO enti Xe eee 
Se c= 374C — 628x1x10°x 1x 10 


cae 1 = 4 
= SaEcto7 = 159 x 10 


or 1.59K ohms. 


1 1 
es, TORE pene peel ny pac el eal ta 
f 2X ~ 628x1x10°x 1x 10° 


1 : 
meee ere tS 5 
6.28 x 10° 2 x 


= 15.9 kHz. 


| 17. (b) vector sum. — Since X;, and R are at different phase angles, they 


can only be added vectorially to determine the total opposition, or 
impedance. 


18. 


(6 UNITS) 


R=8 OHMS 


19. The vector representing resistance and circuit current is the reference 
vector in vector diagrams for series RL and RC circuits. 


20. inductive; capacitive — An inductive circuit has a phase angle between 
0 and 90° and a capacitive circuit has a phase angle between 270° and 


360°. 
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© 
PRACTICE EXERCISE SOLUTIONS (Continued) 
21. Z= \/ R? + X-? Z=\/ R24 X2? 


22. 316 ohms. —Z = \/ 100? + 300? = (1 x 10°)? + (3 x 10)? 


=\ 1x 10*+9x 10‘=,/ 10 x 104 


= 3.16 x 10° or 316 ohms. 


23. To determine the impedance in a parallel circuit, the individual branch 
currents are first computed. The total circuit current is then equal to 
the vector sum of the branch currents. The circuit impedance is then 
found by dividing the source voltage by the total circuit current. 


24. To determine the total circuit impedance, the individual branch currents 
are computed as follows: 


I, = E/R = 100 volts/50 ohms = 2 amperes. 
I, = E/X, = 100 volts/25 ohms = 4 amperes. 


The total circuit current is found vectorially, as shown below in the €. 
accompanying diagram. 


Ip = 2 AMPERES 


1 
| 
| 
: 
'= 4.5 AMPERES (APPROX) 
! 
1 
| 
| 
1 
| 


I, =4 AMPERES 


The total circuit is approximately 4.5 amperes from the vector diagram. 
The circuit impedance is, therefore: 


Z = E/I, = 100 volts/4.5 amperes 


= 22.2 ohms (approximately). 
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25. 


26. 


I 


27. 


28. 
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Yes — voltage always lags current in a capacitive circuit. The major 
difference occurs in vector diagrams, since voltage is used as the reference 
in parallel circuits and current is used as the reference in series circuits. 


To determine the total circuit current, first determine the branch cur- 
rents: 


I, = E/X¢ = 100 volts/25 ohms = 4 amperes. 
I, = E/R = 100 volts/25 ohms = 4 amperes. 


The total circuit current is found vectorially as shown in the following 
vector diagram. 


c= 4 AMPERES 


AMPERES (APPROX) 


Ip =4 AMPERES 


The vector sum formula is used to determine the total circuit current. 
Circuit impedance is then determined by dividing the supply voltage by 
the circuit current. 


2 = 150 volts/600 ohms = .25 ampere. 
¢ = 150 volts/300 ohms = .5 ampere. 
i (2.5 x 10-7)? + (5 x 10°)? 


— / 6.25 x 10° + 25 x 10° 
— ,/ 31.25 x 107 = 5.6 xX 10° (approximately), or .56 ampere. 


Z = E/I, = 150 volts/.56 ampere 


= 268 ohms (approximately). 
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PRACTICE EXERCISE SOLUTIONS (Continued) 


29. The total voltage across the components is found by employing the 
vector sum formula. The circuit impedance is then equal to the total 
voltage divided by the circuit current. 


30. E, =I Xx X, = .05 ampere x 1000 ohms = 50 volts. 
E, = Ex? + E2 = V/ (10 x 10°)? + 5 x 10°)? 
= \/100 x10" + 25X10 = \/ 135 X10 
= \/ 1.25 x 10! = 1.12 x 10? or 112 volts. 


Z = E,/I = 112 volts/.05 ampere = 2.24 ko. 


31. The impedance is found by measuring the supply voltage and circuit 
current. Impedance is then equal to the supply voltage divided by the 
circuit current (Z = E/I). 


% \ Z 
fy x VA 
SA \o* fi A) VO & g 
is i Ae ) 4 b oo i e\ 
@) y : ‘ é os vA a Q 
1 Op (a Ay ai * ly A 
denies \ Rw fo \ ye 
\> ae a 
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45 \ 5 v4 
ek 
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De VRY INSTITUTE OF TECHNOLOGY lIO6GIA& B 


4141 BELMONT AVENUE, CHICAGO, ILLINOIS 60641 


=—= ONE OF THE EXAMINATION 
Bette Hower ScHoois CHECK SHEET 


lO6IA&B 


1. A- IN AN INDUCTIVE CIRCUIT, THE CURRENT -- LAGS THE VOLTAGE. 
In a purely inductive circuit, current lags the voltage by 90°. 


2. B-INA CAPACITIVE CIRCUIT, THE VOLTAGE -- LAGS THE CURRENT. 
In a purely capacitive circuit, voltage lags the current by 90°. 


30 D - THE INDUCTIVE REACTANCE OF A 1,5 HENRY COIL AT A FREQUENCY OF 100 Hz IS -- 942 OHMS. 
The inductive reactance is found by employing Equation 1 in the lesson. 


Rr = eet = 2X 3.14% 1x 10" x 1.5 


6.28 X 1.5 X 10% = 9.42 xX 102 or 942 ohms, 


4, C- WHAT IS THE REACTANCE OF A .1 uF CAPACITOR AT A FREQUENCY OF 1 kHz? -- 1,590 OHMS. 
The capacitive reactance is found by employing Equation 2 in the lesson, 


Xc = i a 1 


2eiCiy 6.28 «1x 103% .1 « 107° 


= ee) Sa 1.59 X 103 or 1,590 ohms, 


. 628 x 107? 


5. A- INA VECTOR DIAGRAM FOR A PARALLEL RC CIRCUIT, WITH THE VOLTAGE VECTOR DRAWN 
HORIZONTALLY TO THE RIGHT, THE Ic VECTOR -- IS DRAWN UPWARD AT THE 90° PHASE. 

Current leads voltage in a capacitive circuit, Therefore, the I< vector must be drawn upward. (Vectors rotate 
counterclockwise) 


6. A-INASERIES RL CIRCUIT, THE IMPEDANCE -- IS EQUAL TO THE VECTOR SUM OF R AND > ec 
The vector sum, which equals the impedance, can either be found graphically or with the vector sum formula. 


7. A- WHAT IS THE IMPEDANCE OF A SERIES RC CIRCUIT IF R = 150 OHMS AND Xc = 350 OHMS? 


-- 381 OHMS. 
The impedance can be found by employing the vector sum formula: 


Z =\ /R2 + Xc*% = (1.5 x 102)2 + (3.5 x 102)2 
= /2.25 x 10% + 12.25 x 104 =) /14.5 x 104 


= 3,81 xX 10% or 381 ohms, 


8. D-INA PARALLEL RL CIRCUIT -- E IS THE REFERENCE VECTOR. 
Since voltage is the same in all parts of a parallel circuit, it is used as the reference. 


9. C- WHAT IS THE IMPEDANCE OF A PARALLEL RL CIRCUIT IF R = 40 OHMS, Xj, = 50 OHMS AND 
E = 100 VOLTS -- 31,3.-OHMS. 
To determine the impedance, first find the branch currents. 


Ip = E/R = 100 volts/40 ohms = 2,5 amperes 


100 volts/50 ohms = 2 amperes 


Using the vector sum formula the total current is determined, 


Iz =\ /Ip* + 1,2 =\/2. 52 + 22 
=\/6.25 + 4 =\/10.25 


= 3.2 amperes (approximately) 
The impedance is then found by dividing E by Iz. 


Z = E/Iz = 100 volts/3,2 amperes = 31,3 ohms (approximately). 
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MATERIALS 


THIS LIST INCLUDES ALL TOOLS, HARDWARE AND ELECTRONIC COMPO- 
NENTS NEEDED TO COMPLETE THE EXPERIMENTS IN THIS MANUAL, 


1 


Complete Design Console 
Multimeter with Test Leads and 
Spring Adapters 

Soldering Iron 

Pair Long-Nose Pliers 

Pair Wire Cutters 

4702, 1/2 W, 20% Resistor 
1kQ, 1/2 W, 20% Resistor 
2.2k2, 1/2 W, 5% Resistor 
4.7 kQ, 1/2 W, 20% Resistor 
10 k2, 1/2 W, 20% Resistors 
100 k2, 1/2 W, 20% Resistor 
220 kR, 1/2 W, 20% Resistor , 
1 pF Disk Capacitor 

1000 uF, 50V Electrolytic 


Capacitor 
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4002 Relay 

Transistor Socket with Leads 
NPN Transistor 

9-Pin Tube Socket with Leads 
12AU7 Tube 

1 M& Potentiometer with Bracket 
and Leads 

Modular Connectors 


Tri-Mounts 


No, 22 Solid Hookup Wire consisting e 
of 5'"' Black, 8'' Red, 3'' Yellow and 
Sea lite 


Rosin Core Solder Type 60/40, 


Size , 032 


INTRODUCTION 


PARTS NEEDED 


, 22 Solid Hookup Wire 
sin Core Solder Type 60/40, 


1 - Soldering Iron - No 

1 - Pair Long-Nose Pliers - Ro 

1 - Pair Wire Cutters Size .032 
1 - 4002 Relay 

OBJECTIVE 


In the following procedure, you will wire connecting leads to the relay. The 


relay coil will be used as an inductor in some 


PROCEDURE 
PREPARING THE RELAY 


1, Figure 1 shows the connections to the 400 


of the following experiments. 


relay. Your relay may appear 


slightly different but the connections are the same. 


2, Referring to Figure 1, cut the proper color leads to the lengths indicated 


and remove 1/4'' of insulation from one end of 
the other end of each wire. 


each wire. Remove 1/2" from 


3, Connect the 1/4'' ends of the leads to the lugs and solder each connection. 
(The lugs on your relay may not have connecting holes, If not, wrap the bare 


end of each piece of hookup wire around the en 


d of its lug and solder it in place. ) 


4. The two red leads connect to the relay coil. Use only the red leads when 


other three leads unconnected. 


using the relay coil as an INDUCTOR in the following experiments. Leave the 
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RELAY COIL 


NORMALLY 
OPEN CONTACT 


FIGURE | 


COMMON, CONTACT 


NORMALLY 
CLOSED CONTACT 
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EXPERIMENT | 
RC AND RL CIRCUITS 


PARTS NEEDED 


1 - Complete Design Console 1 - .1 uF Disk Capacitor 
1 - Multimeter with Test Leads and 1 - 4002 Relay 
Spring Adapters 3 - Modular Connectors 
1 = 2.2 k2,-1/2:-W, 5% Resistor - No, 22 Solid Hookup Wire 


Y= 497 12, 1/2 W, 20% Resistor 


OBJECTIVE 


Inductive and capacitive reactances are dependent upon the value of inductance 
and capacitance as well as upon the frequency. In this experiment you will 
investigate the action of series RC and RL circuits when the supply frequency 
is varied. 


PART 1 
PROCEDURE 


SERIES RC CIRCUITS 


1, Set up the circuit shown in Figure 1-1 on your design console. No layout is 
given since the circuit is quite simple. Be sure to use the sinewave output of 
the audio signal generator, The common terminal for the audio signal generator 
is the Regulated DC Negative Terminal. 


2, The audio signal generator included in the design console has an approximate 
range of 300 Hz to 3 kHz. An arbitrary scale, 0 to 10, is used on the frequency 
dial (ADJUST FREQ. ). These markings will be used in the following steps 
rather than actual frequencies. Remember, the frequency increases going from 
0 to 10, 


3, Turn on the design console, The ADJUST VOLTAGE control can be set 

fully counterclockwise since the low voltage supply is not used, Set the audio signal 
generator frequency control (ADJUST FREQ, ) to 0. Using the output function 

on your multimeter, measure the voltages across R 1 and across Cj in the 

circuit of Figure 1-1. Record the values in the first row of the chart of 

Figure 1-2. 


4, Set the audio frequency to each of the settings indicated in the chart of 
Figure 1-2, and record the corresponding values of Ec, and ER,. Because of 
the loading of the meter, there will be some error in the readings, However, 
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RC and RL Circuits 
this will not affect the ''TREND" of the results, which is the important factor. 


Your results should show that, as the frequency increases, the voltage drop 
across the capacitor decreases and the voltage across the resistor increases. 
The reason for this is that capacitive reactance is inversely proportional to 
frequency. 


5. Using the data in the chart of Figure 1-2, draw curves on the graph of 
Figure 1-3 showing how Ec, and ER, vary with frequency, Although the chart 
and the graph contain the same information, the graph is much easier to 
interpret since it shows the circuit action at a glance, Your graph should have 
the general appearance of the one shown in Figure 1-4, 


6. At one of the frequencies tested in the chart of Figure 1-2, the voltage 
across the capacitor will be approximately equal to the voltage across the 
resistor, At this frequency, the reactance of the capacitor is equal to the 
value of the resistor, Let's determine this frequency, 


7. Record the ADJUST FREQ, control setting from the chart of Figure 1-2 at 
which es and ER, were nearly equal. 
@) 


ADJUST FREQ, Control Setting “¥ 


8. This setting can be converted into a frequency by rearranging the formula e 
for Xc to solve for F: 


OD apke Cea as | (PR. 2 
ee r 4 ilar 
EF = Seg Mo cecal in 


8 at | . / 
>in ¥ |h sh 
 pwEIY X i) ey ) 


At this frequency, the value of Xc is the same as the value of R;. Remember, 
in a series circuit, voltage drops are equal when the impedances are equal, 


97. Using the value of Rj for X¢ and using the value of C) for C, calculate the 
frequency and record it. 


ee Xe Frequency at Dial Setting =/ A— Hz 


Your calculation should have been about 700 Hz. If you wished to roughly 
calibrate the dial on the audio generator, you could substitute several different 
values for R] to produce equal values of Ec, and ER, for each of the dial 
settings. A calibration chart could then be produced for the audio oscillator 
dial. 
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CONCLUSION 


In a series RC circuit with a variable frequency applied, the voltage drops 
across the resistor and across the capacitor vary with the frequency. Since 
capacitive reactance is inversely proportional to frequency, the voltage across 
the capacitor decreases and that across the resistor increases as the frequency 
increases, 


When dealing with series dc circuits, the sum of the individual voltage drops 


ca (TERA RERS 


equals the applied source voltage. In a circuit _containing reactance, this 
relationship does not hold due to “the | phase shift. The algebraic sum of the 
voltage drops in an RC circuit will be greater than the source voltage, However, 


when the voltages are added vectorally, they will equal the source voltage, 


Note: Because of the meter loading, some of your measurements may not show 
that the algebraic sum of Ec, and ER} is greater than the source. Every meter 
introduces an error which modifies the theoretical results. 


PART 2 


PROCEDURE 


SERIES RL CIRCUITS 


1. Set up the circuit shown in Figure 1-5. Again, use the sinewave output of 
the audio generator, The relay coil will be used as the inductor for this 
experiment, 


2. To investigate the action in an RL circuit, turn on the design console and 
set the audio generator ADJUST FREQ, control to the frequencies listed in the 
chart of Figure 1-6. Record the corresponding values of ER) and Et) in the 
chart of Figure 1-6. 


3, Using the values in the chart of Figure 1-6, plot curves of ER, and Et, on 
the graph of Figure 1-7, Your curves should look similar to the ones shown in 
Figure 1-8. 


CONCLUSION 


In a series RL circuit, the voltage drop across the inductor increases with 
frequency; and the voltage across the resistor decreases. This occurs since 
inductive reactance is directly proportional to frequency. 


As in the series RC circuit, the algebraic sum of the voltage drops across the 
resistor and inductor does not equal the source voltage. Whenever reactance 
is included in an ac circuit, the voltage drops must be added vectorally. 
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=—— ONE OF THE EXAMINATION 
( Bette Howe. ScHoois CHECK SHEET 


1, D- WHAT IS THE Xo OF A .5 pF CAPACITOR AT A FREQUENCY OF 1 kHz? -- 3182. 
The X¢ is calculated as follows: 
fell al 
Xo = = (a = ,318x 10> = 318. 
bh eno Sars Lom 


2. A-INA SERIES RC CIRCUIT -- AS FREQUENCY DECREASES, ER DECREASES, 
In a series RC circuit the voltage drop across the resistor increases and that across the capacitor decreases 
as frequency increases. Remember, Xc is inversely proportional to frequency. 


3. A-A SERIES RC CIRCUIT HAS THE FOLLOWING VALUES; R=1.5k2 AND C=.1,yF. AT WHAT 
FREQUENCY WILL THE VALUE OF Xc EQUAL R? -- 1 kHz. 
To solve for the frequency, the formula for capacitive reactance is rearranged; 


.159 
x =, BEES 
Cc £C 
; si 
f= a - ee = 1,06 x 103 or 1 kHz (approx. ). 
G Veeasx 1059 16sha0? 15 x 1073 


4, D-INA SERIES RL CIRCUIT, -- AS FREQUENCY INCREASES, E,;, INCREASES. 
In a series RL circuit the voltage drop across the resistor decreases and that across the inductor increases 
as frequency increases. Remember, Xj, is directly proportional to frequency. 


5. C - WHAT IS THE INDUCTIVE REACTANCE OF A 500 mH INDUCTOR AT A FREQUENCY OF 5 kHz? 
-- 16 kQ. 


The inductive reactance is calculated as follows; 


Xy = 20fL, = 6,28 x5 x 103 x .5 = 6.28 X 2.5 X 109 = 16 k@ (approx. ). 


9506-1A 2 


‘a 
‘ 
a 
/ 
+4 
‘ 
HP 
‘ 
MIS Us Tt 
784 
a 


‘ . i ~ if) 1 
| “ttudetls. Ost hae Last al 
(eoecaK9aF Yo: ~ P| t9aqproed nia ‘yee suneals Woe pE tT? as {4 “4 
~f Fa 4a he Pio v3 ri 3 _/*R R8HOTS2 si. pene Yenerie? 13 my 2) 
f i 4 ut { ’ 


AS oh VR RS de /- ee ae , DCLG TL9D AA Odea meh. Stalled es ae 


‘4 7 i ; 
‘ rt 


tawd dein wilt wi vad od) el sind aid ronda i a 


toon ont ni itis Wenn sl} sonig bertewene mal bee on ' i 
oar ot? pe Mexed of} diiw bigs edt ne wis qa vail 6 Ay . 
ng oat nto Babin oosqe ot otal abon nena #olqino> sat ghey 
4 boltih vhenpireaty deoskt tly saad claves? m ee Bhovtince of with iA lon: ie 
vB ye! “Asati ie a 

hha fae cond Joderen bela le josie Y tHoy niu ties ait bith pinion Phil 
S ; Ak A eter ao 


Peat ‘ 3 9 2% 
ia y E 
= ot ne 
a . 
+ , } 
\ coe 
’ a | “i 


RHA I. to 'y MON POsI 2 Ut 2 yRORGS Ty a, 454s awl ai 66 iw 
Ce i itt mao oe. a (9) one l b Shel § vs s te! 


4 


Pie i woulay poivollot etiaed titers OF, evites Py : 
. TA faope yx Mp cular’ ort ae b 
it (al (0). well CREE ape e (ms aK 1 pAVS 


sR SESE dette us ti 
peu ROMS Te 8:8 estan ical 78 ,eoleme FIA Yogorpwrt sh a | 


“Sha & ky vannupert se da dotovluil Hee 002 2 Fey aailaaalad gel sosiind acu ar ra a 
. ¥ Boel b (ery; rh hee offal ¥s a {tj) SH 2 : ! tA 


- 
' 
4 7 
¥ 
i i ty ‘ 
ce wt 
2 sd a | 
\ 
{2 an | : } 
= ; 
‘ ‘ 


Mores A¥TY YAO ea TOO o sine coer) Ae te at @ 


FREQUENCY EFFECTS ON RLC 
CIRCUITS 


1064 


© copPyriGHT 1973 
BELL & HOWELL SCHOOLS, INC. 
ALL RIGHTS RESERVED 
AN? 


A resonant LC circuit is used to control the frequency of the generated r-f in this high- 
frequency heating unit used to quilt plastics. 


Courtesy Thermatron Corp. 
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True progress never commands the human race to start from 
scratch. Civilization is an accumulation of living values, an 
organic thing. Without change, there can be no growth; but 
without tradition there can be no civilization. 

—Dorothy Thompson 
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FREQUENCY EFFECTS ON RLC CIRCUITS 


One of the most important characteristics of any radio or TV receiver is its 
ability to select the desired signal from among the many signals that are 
being simultaneously transmitted by the various stations in a particular area. 
Using the Standard Broadcast Band (535-1605 kHz) as an example, imagine 
the garbled conglomeration of sounds that would be produced by your radio 
speaker if all stations were received at the same time. 


Even though all of the stations in the Standard Broadcast Band transmit 
signals that are basically the same, the signal from each station has a char- 
acteristic that distinguishes it from the other signals — the frequency of the 
carrier signal is different. In Chicago, for example, the carrier frequency of 
WGN is 720 kHz, that of WBBM is 780 kHz and that of WLS is 890 kHz. 


When you “tune” in a particular station, let’s say WGN, you are actually 
adjusting some electrical components in your radio to select a carrier signal 
that has a frequency of 720 kHz and to reject all other carrier frequencies. 
How does this occur? The purpose of this lesson is to explain the basic 
electronic principles that account for the ability of circuits to “tune in” the 
signal from the desired station, 


EFFECT OF FREQUENCY ON 
INDUCTIVE REACTANCE 


When an inductor is connected into a simple ac circuit, as in Figure 1A, it 
offers opposition to current. The opposition is called inductive reactance 
(X,) and is proportional to the inductance (L) of the inductor and the fre- 
quency (f) of the voltage source. As discussed in a previous lesson, the 
relationship of these quantities is: 


XS, = 2nfL. 


This equation tells us that X;, (inductive reactance) is directly proportional 


to both f (frequency) and L (inductance). That is, an increase in either 


f or L causes a proportional increase in X,; a decrease in either f or L 
causes a proportional decrease in X,. 


When the inductor of Figure 1A is constructed with a fixed value of in- 
ductance, the only variable that affects inductive reactance is the frequency 
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FREQUENCY EFFECTS ON RLC CIRCUITS 


of the voltage source. Thus, in Figure 1A, NDUCTIVE REACT- 
ANCE VARIES DIRECTLY. WITH FREQUENCY. 
Sr re ee ee eee Se earners 


This relationship is shown in the graph of Figure 1B, where f is plotted on 
the horizontal axis and Xz, is plotted on the vertical axis. It is customary 
to plot graphs with the independent variable (the one that you actually 
change) on the horizontal axis and the dependent variable (the resulting 
change) on the vertical axis. Therefore,the-graph of Figure 1B tells us 
that, as you increase the frequency of the voltage source, the inductive 
reactance increases linearly in direct proportion. 


EFFECT OF FREQUENCY ON 
CAPACITIVE REACTANCE 


When a capacitor is connected into a simple ac circuit, as in Figure 2A, it 
also offers opposition to current which is called capacitive reactance (Xo) 
and is proportional to the capacitance (C) of the capacitor and the frequency 
(f) of the voltage source. The relationship of these quantities is: 


eel 
2 ATS 


Whenever an equation is in this form (the quantities on the right side are 
under the number “1”), it tells us that the quantity on the left side is 
inversely proportional to the quantities on the right side. That is, an 
increase in either f or C causes a proportional decrease in Xc; a decrease 
in either f or C causes a proportional increase in Xo. 


When the capacitor of Figure 2A is constructed with a fixed value of 
capacitance, the only variable that affects capacitance reactance is the fre- 


quency of the voltage source. Thus, in Figure 2A, THE CAPACITIVE _ = 


REACTANCE VARIES INVERSELY WITH FREQUENCY. 


Drawn on the same general plan as Figure 1B, the graph for capacitive 
reactance is shown in Figure 2B. Notice that the plot for Xo is a curve, 
rather than a straight line. This tells us that, as you increase the frequency 
of the voltage source, the capacitive reactance decreases at a nonlinear rate. 
At this time, however, we are not concerned about the shape of the Xo curve; 
but we are concerned about the fact that changes in frequency affect capaci- 
tive reactance opposite to inductive reactance. 
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EFFECT OF FREQUENCY ON RESISTANCE 


The expressions for inductive reactance, X;, — 27fL, and capacitive react- 


TanCeHUNG, = both contain an “f.” Any change of frequency changes 


1 
27fC 
the reactance of the component, as shown in Figures 1 and 2. So far, nothing 
has been said about the effect of frequency on resistance. In the Ohm’s 
Law relationship, R = E/I, no “f” is involved. For all practical purposes, 
a change of frequency does not affect the resistance of the circuit. If, in a 
purely resistive circuit, an ac voltage source E at a frequency of 60 Hz 
provides a current of 50 milliamperes, then the current in the same resistive 
circuit is still 50 milliamperes when the frequency of the voltage source is 
changed to 1000 Hz. 


RESULTANT REACTANCE 


In a previous lesson we found that the circuit current has a specific phase 
relationship to the circuit voltage when a reactive component (L or C) is 
connected across an ac voltage source. Referring to the inductive circuit of 
Figure 1A, the current-voltage phase relationship is shown by the vector 
diagram of Figure 3A and indicates that the voltage, Es, leads the current, 
I,, by 90°. In the capacitive circuit of Figure 2A, the current-voltage phase 
relationship is shown in Figure 3B and indicates that the voltage, Es, lags 
the current, I,, by 90°. 


When an inductor and a capacitor are series connected, as in Figure 4A, 
the current-voltage phase relationships are as shown in Figure 4B. Since 
there is only one current in a series circuit and it is the same for all 
components, the circuit current is labelled Iy. The voltage across each of 
the reactive components maintains the same phase relationship to the current 
as it had in the previous circuits. Thus, E;, is shown leading the current 
while Ec is shown lagging the current. 


ie é 
( NT xe ee) 
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FREQUENCY EFFECTS ON RLC CIRCUITS 


Suppose an ac circuit like that of Figure 4A contains an X;, of 200 ohms 
and an X, of 150 ohms. The resultant reactance is: 


X = (Xi — Xo) 
= 2007-1150 
— 50 ohms. 


In some cases, the Xc may be larger than the X,. If X, = 1000 ohms and 
X~ = 5000 ohms, the difference is: 


X = (Xe — Xz) 
= 5000 — 1000 


— 4000 ohms. 


Following the rules of arithmetic, to find a difference, the smaller is sub- 
tracted from the larger. In the above examples, X; and X¢ may be treated 
as vectors which are 180° out-of-phase. 


RESONANCE : 


The combined effect of inductive and capacitive reactance in a series RLC 
circuit is shown in Figure 5, which combines the curves of Figures 1A and 
2A into a single graph. The horizontal frequency line is used as a common 
reference or base, with X;, customarily plotted in a positive or upward 
direction and Xc« plotted in a negative or downward direction. Acting in 
opposition, the effects of inductive and capacitive reactance tend to neutralize 


each other. This combined'effect 1s indicated by the dashed line “effective 


reactance” curve, Xs, drawn between the Xr, and Xo curves. 


Notice that the Xs curve crosses the horizontal line at the point labeled f,. 
At this point, the value of X;, (upwards) equals the value of X_ (down- 
wards), and a condition called RESONANCE exists. When the frequency 
of the source voltage causes these conditions, the circuit is said to be RE- 
SONANT and is operating at its RESONANT FREQUENCY, f,, as in- 
dicated on the base line of Figure 5. 
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AT- UENCIES BELOW THE RESONANT FREQUENCY, f,, such 
as f;, Xo is greater than X,, and the resultant reactance is Capacitive, and 
THE CIRCUIT IS-SAID_TO BE CAPACITIVE. For any frequency above 


_f,, ‘such as f2, opposite conditions exist, X;, is greate c, arid . 
CIRCUIT_IS-SAID-TO-BE-INDUCTIVE. However, at resonance, X;, 

is equal to Xo, the effective reactance is zero, and the Grcat aoe pater ee 
‘Tesistive, as determined by the actual resistance it contains. ~~. 
a bebe 5 


To take advantage of circuit conditions at resonance, it is necessary to 
calculate the resonant frequency, f,. At resonance, X; = Xg and therefore: 


a 
Gere. 
ai Re 

Ps 


When this equation is rearranged as shown in Appendix A, it becomes the 
resonant frequency equation: 


— 


eet ere (1) 


where: f, = resonant frequency in hertz, 
L = inductance in henries, 
C = capacitance in farads, and 


eee ret Ws 


The formula for resonant frequency may be simplified somewhat by dividing 
27 into 1, producing the following formula: 


NLC 


This formula is accurate enough for most calculations and will be used in 
this lesson. 
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RESONANT FREQUENCY CALCULATIONS 


As an example of the use of Equation 2, assume that, in a series LC circuit, 
“L” is 80 microhenries (80 x 10° henries) and “C” is 316 picofarads 
(316 x 10° farads). Substituting these values in the resonant frequency 
equation: 


ape e159 159 


N/LC . \/ 806010 9a 16. 10°? 


b> 2159 


\/ 8.0 x 10° x 3.16 x 10 


159 siey) 


~ \/25.28 xX 107% / 2.528 x 10-14 


Ne) 
= _ — .1 x 107 
159. Oe ‘ 


— 1.0 x 10° Hz or 1 MHz. 


SERIES RLC CIRCUIT ACTION 


In the series circuit shown in Figure 6, a resistor, an inductor and a capacitor 
are connected in series across a constant voltage, variable frequency source 
whose center frequency is 1000 kHz (1 MHz) and which is variable 60 kHz 
above and below its center frequency. Since the LC components of Figure 
6 are resonant at 1000 kHz, the circuitis called a SERIES RESONANT 
CIRCUIT. By varying the source frequency and measuring the resultant 
changes in current, we can determine some important characteristics of the 
circuit. When plotted, the ammeter measurements provide the “I curve 
shown in Figure 7. The “I” curve indicates that the current is minimum at 
the lowest frequency. As the source frequency is increased, the circuit cur- 
rent is increased until it reaches a maximum at 1000 kHz. As the source 
frequency is increased further, the current decreases at approximately the 
same rate as it increased. 


Consider the Ohm’s Law relationship between voltage, current and resistance; 
with a constant voltage ac source, the change of frequency causes a change 
of impedance, which allows variation of the current. As explained for the 
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SERIES RESONANT CIRCUIT 


Figure 
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FREQUENCY EFFECTS ON RLC CIRCUITS 


fal 


R Hz 
CURVES FOR SERIES RESONANT CIRCUIT 


effective reactance curve of Figure 5, the dashed line “Z’’ curve of Figure 7 
indicates the change of circuit impedance as the source frequency is changed. 
With minimum impedance at 1000 kHz, the effective reactance must be 
zero, and only the resistor offers opposition to the current (current is maxi- 
mum at this frequency). 


Double-gang variable capacitors are used in radio receivers to simul- 
taneously vary the frequency of two resonant circuits. 
DeVry Photo 
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FREQUENCY EFFECTS ON RLC CIRCUITS Q1 


The following Practice Exercise questions cover the subjects which you 
have just studied. They are: 


EFFECT OF FREQUENCY ON INDUCTIVE REACTANCE 
EFFECT OF FREQUENCY ON CAPACITIVE REACTANCE 
EFFECT OF FREQUENCY ON RESISTANCE 
RESULTANT REACTANCE 

RESONANCE 

RESONANT FREQUENCY CALCULATIONS 


1. Inductive reactance varies (a) directly with frequency, (b) inversely 
with frequency. 


2. Assume that an inductor has a reactance of 1000 ohms at a particular 
frequency. What is the value of inductive reactance if the frequency 
is halved? 


3. How does the phase relation between voltage and current in a capacitive 
circuit differ from that in an inductive circuit? 


4. Capacitive reactance varies (a) directly with frequency, (b) inversely 
with frequency. 


5. Is resistance normally affected by frequency? 
6. How is the resultant reactance determined in a series LC circuit? 


7. Assume X;, — 1500 ohms and X_ = 2500 ohms in a series LC circuit. 
What is the resultant, or total reactance, and is the circuit inductive 
or capacitive? 


8. What is the relation between X, and X, in a series RLC circuit at 
resonance? 
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QiA 


9. In a series RLC circuit, at frequencies below the resonant frequency, is 


the circuit inductive, resistive or capacitive? 


10. At what frequency is a series RLC circuit resistive? 


11. What is the formula for determining the resonant frequency of a series 
RLC circuit? 


12. What is the resonant frequency of a series RLC circuit if C — 100 pF 
and L = 100 »H? 


FREQUENCY EFFECTS ON RLC CIRCUITS 


To summarize conditions for in a series resonant circuit: URRENT 
MUM, THE EFFECTIVE REACTANCE IS ZERO, AND_THE 


IMPEDAN S MINIMUM AND EQUAL TO- THE—CIRCUIT-RE-~ 


SISTANCE:—————— 


Resistance is a very important factor in a series resonant circuit like Figure 
6. Although resistance does not affect the resonant frequency, it does affect 
all other characteristics of the-circuit, “For example, if the source voltage of 
Figure 6 is 10 millivolts, the circuit current at resonance is 1 milliampere. 
Since X;, and X, are each about 500 ohms, the voltage across each of the 
reactive components is 500 millivolts. An explanation of this condition is 
given later in this lesson. Increasing the resistance from 10 ohms to 20 ohms 
decreases the circuit current to .5 milliampere and decreases the voltage 
across each reactive component to 250 millivolts. Additional effects of 
resistance in a resonant circuit are also discussed later in the lesson. 


PARALLEL RLC CIRCUIT 


Figure 8 shows a parallel RLC circuit that has the same component values 
as in Figure 6 so that the circuit is a P 
at a frequency of 1000 kHz. The “R” is not a separate resistor; it represents 
the resistance of the wire forming the coil of the inductor. 


Although X; and X¢~ of Figure 8 vary with frequency in the same manner 
as in Figure 6, the parallel RLC connection causes exactly opposite effects. 


although the full voltage is “across ‘both-branches—————_" 


ance decreases, causing an increase of current in capacitor C. Momentarily 


disregarding the resistance in the inductive branch, the inductive reactance 


é nt SRT ni 
equals the difference between the leading and lagging reactive currents. 
SDD TT en ae Ee 
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MAX 


CURRENT 


[etfs z pec VE | 


CHC 


FREQUENCY IN kHz 
CURVES FOR PARALLEL RESONANT CIRCUIT 


Figure 10 


The parallel resonant circuit of Figure 8 has the characteristics shown by the 
curves of Figure 10. As indicated by the dashed line curve, the frequencies 
below 940 kHz cause the SOURCE CURRENT TO BE MAXIMUM. As 
the frequency is increased, the inductive reactance increases, causing a reduc- 
tion of current in the inductive branch. Simultaneously, the capacitive re- 
actance decreases, causing an increase of current in the capacitive branch. 


These ch ifference between the inductive and 
action continues nues until, at resonance (1000 kHz), the inductive and capacitive 
reactances are equal. Under these conditions, the source _ provides current 


only to compensate f for r the” losses. or dissipation in the resistance; therefore, 
at resonarice > the source current i iS minimum. PPE eae 


a 


a ae 


a 


Although source current is minimum at i resonance, the parallel resonant 


Spee ‘ 
circuit Current (Tianx Figure 10) reaches its maximum “value at resonance. 


This circuit is often called a “tank circuit ecause, at resonance, it retains 
the circulating branch circuit current similar to a storage tank. The branch 
current circulation is comparable to the movement of a pendulum. For 
example, neglect the LR branch resistance of Figure 8 and assume that the 
source polarity causes the branch current electrons to build up on the upper 
capacitor plate. (The pendulum is at one end of its swing.) On the next source 
alteration, the capacitor discharges through the coil, which develops an 
expanding magnetic field as the electrons flow toward the lower capacitor 
plate. (The pendulum is now descending.) As the charge on the upper plate 
decreases, the magnetic field of the inductor increases, until the capacitor and 
inductor voltages are equal. (Pendulum travel reaches its midpoint.) Attaining 
its maximum value, the magnetic field begins to collapse; however, the 
electrons continue building a charge on the lower capacitor plate. (The 
pendulum is now ascending.) When the magnetic field diminishes to zero, 
there is no further electron flow and the charge on the lower capacitor plate 
is maximum. (The pendulum reaches the other end of its swing.) The circulat- 
ing action of the current in the tank circuit then reverses, as does the source 
alternation, and begins building a charge on the upper capacitor plate again. 
The actions of the circuit elements are essentially the same, only the direction 
of electron flow is reversed. 


The nature of a parallel RLC circuit at any frequency other than the resonant 


frequency ‘is determined by th the branch + carrying the most current. At. t_fre- 


quencies below resonance, the-inductive ‘Teactance is less than the capacitive 
reactance, the current in the inductive branch is ‘greater, and the circuit~is 
inductive. At frequencies _ above resonance, the capacitive reactance-is-less_ 
than-the inductive reactance, the current in the capacitive branch i is ‘greater, 
and the circuit is capacitive. 
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The total impedance of a circuit is determined by the Ohm’s Law relationship 
of the voltage across the impedance and the current through it. Still assuming 
a constant voltage source, the curves of Figure 10 show minimum source 
current at resonance. Since maximum impedance must exist to reduce the 
sourée current to minimum, the Z curve of Figure 10 indieates- maximum 
impedance at resonance. At frequencies above and below resonance, the 


arene ~ 


impedance-of a _paralle circuit decreases. 


= y 
_1/ the frequency at which the line or supply current is minimum; and 


&y) the frequency at which the inductive reactance, Xz, is equal to the 
capacitive reactance, Xc. 


Practical circuits contain some resistance in the inductive branch that causes 
the two previous conditions to occur at slightly different frequencies. How- 
ever, the difference between the two resonant frequencies is so small that, 
for most purposes, the resonant frequency of parallel circuits can be found 
by using the equation for series circuits: 


f, 1 159 


= ———. or 
2r7\/ LC N/ALC 


To summarize the most important conditions in a parallel circuit at reson- 
ance: THE IMPEDANCE IS MAXIMUM, THE SUPPLY CURRENT-IS 
AT-A-MINIMUM AND DEPENDS. ON THE RESONANT CIRCUIT 
RESISTANCES: saan) EE TO 


THE FIGURE OF MERIT (Q) 


In a circuit containing only inductors and capacitors, there is always some 
unavoidable resistance in the wires of coils, capacitors and connections. To 
obtain best results in resonant circuits, it is desirable to keep the resistance 
as low as possible. Although it is impossible to make an inductor with wire 
which has no resistance, a large wire size can be used to keep the resistance 
low. 


In a series circuit consisting of an inductor and a resistor, if the resistance 
is kept low, the power dissipated as heat will also be low. For resonant 
circuits, the power loss should be extremely low; therefore, a coil with low 
resistance is considered a better inductor than one with a high resistance. 


b 


The resista inductor determines its quality, and the letter “Q,” used 


to designate what is called the FIGURE OF MERIT-of-a-coil, represents 


pen _ 


the ratio of the reactance to the resistance. Expressed as an equation: 


err eee ee . 


Xu 27fL = oL (3) 


FREQUENCY EFFECTS ON RLC CIRCUITS 


Circuit bandwidth is important in a stereo FM tuner. The bandwidth must . 
be wide enough to pass all of the signal but not be wide enough to pass 


undesired adjacent signals. 
Courtesy H. H. Scott 


This equation indicates that the Q varies inversely with R. Q is higher 
when the resistance is lower and is lower when the resistance is higher. Thus, 
if R in Figure 6 or 8 is 20 ohms, inductor L is 80 microhenries, and the 
source has a frequency of 1000 kHz, the Q is: 


Ga = 27fL 
="6.280x STOPS 8.0 3 10-9 
= 500 ohms (approx.) 


aes aU 
R50) Or 820. 


The Q represents no unit of measurement, but is merely a number expressing 
a ratio. 


If inductor L is rewound with larger wire so that its resistance is only 10 
ohms, the figure of merit becomes: 


Xy _ 500 ors50: 


Boe 10 


Or 
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With the same inductance and half the resistance, the Q is twice as large. 


In a series resonant circuit like that of Figure 6, one use of Q is to determine 
the voltage across each of the reactive components. At resonance, the voltage 
féactive component is equal to the Mites Kelas HMM by 
Q. Therefore, in Figure 6, ource voltage is 10 millivolts and Q is 
50, Ex, and Ex, are each 500 millivolts. When Q is only 25, each voltage 
is 250 millivolts. 


resonant -circuits- by means | of the following equations: 
em a —— 
aa \ 


—— 


: Zp = Qx,, or (4) 


Zp — QXc. v / (5) 


These equations.can only be used when the resistor is in series” series with one of 


the. (ES EMSs QUE): as shown in Figure sa Saas: 


non onsen nmcrmrsnnnen ts ent pe ere ergs 


en 


As an example of the use of the impedance equations containing Q, we will 
again assume the values for the elements shown in Figure 8: R equals 20 
ohms and X;, equals 500 ohms. As previously determined, the figure of merit 
for these values is a Q of 25. The impedance will be: 


Z = Ok = 2) 000 = 12,500 Fohms. 


EFFECT OF RESISTANCE ON 
RESONANCE CURVE 


parallel circuits, an increase_of coil resistance is undesirable in both series’ 


and” parallel resonant esonant circuits. 


ec 


Sae a a 


When the coil resistance is increased, the Q of the circuit decreases. This _ 
IO PT a 
causes the resonance curve to be flattened somewhat, as shown in n Figure 11, 


so thatthe circuit is responsive toa wider band of frequencies. A fared 
circuit with a low Q does not select as sharply as a circuit with a high Q. 
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Thus, O-is..a measure of the ability of a tuned circuit to select or reject a 


band of frequencies. ME EE eee ee re 


BANDWIDTH — BANDPASS 


For resonant circuits, the bandwidth of a circuit is defined as a range of 
frequencies which provides approximately the same current, or “response,” 
as the resonant frequency. Very often, the width of this band is called the 
BANDPASS of the circuit. In practice, the limits of the bandpass are taken 
to be points.on the resonance curve corresponding to approximately .707 of 
the maximum response (current for a series circuit_or_impedance_for_a 
parallel circuit), In Figure 11, the maximum response occurs at a resonant 
frequency of 1000 kHz, and the vertical dashed lines, on both sides of res- 
onance, indicate the approximate points of .707 of the maximum. The band- 
pass of the curve having the lowest R and the highest Q is from approximately 
990 kHz to 1010 kHz, providing a total bandpass of about 20 kHz. 


SERIES CIRCUIT CURRENT 
PARALLEL CIRCUIT IMPEDANCE 


940 
960 
980 
1000 
1020 
1040 
1060 


FREQUENCY IN KHZ, 
EFFECT OF RESISTANCE ON RESONANCE CURVE 


Figure 11 
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The following Practice Exercise questions cover the subjects which you 
just studied. They are: 


13. 


14. 


15. 


16. 


17. 


18. 


19. 


20. 


21. 


22. 


SERIES RLC CIRCUIT ACTION 

PARALLEL RLC CIRCUIT 

THE FIGURE OF MERIT (Q) 

EFFECT OF RESISTANCE ON RESONANCE CURVE 
At resonance, what is the impedance of a series RLC circuit? 


At resonance, the current in a series circuit is (a) maximum, (b) mini- 
mum. 


In a parallel RLC circuit, what is the supply current at the resonant 
frequency? 


What is the value of current within a parallel RLC circuit at resonance? 


What is the relation between the capacitive and inductive current levels 
in a parallel RLC circuit at resonance? 


Is a parallel RLC circuit capacitive or inductive at frequencies below 
the resonant frequency? 


What is the impedance of a parallel RLC circuit at resonance? 
Does resonance occur in a parallel RLC circuit when X, equals X,? 
What is represented by the Q of a coil? 


Assume that the X;, of a coil is 2500 ohms at a particular frequency. 
What is the Q if the coil resistance is 100 ohms? 
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23. 


24. 


25. 


26. 


What is the impedance of a parallel RLC resonant circuit if X, = 350 
ohms and R = 50 ohms? 


How does the impedance of a parallel RLC circuit at resonance vary 
with respect to coil Q? 


What happens to the impedance of a series resonant RLC circuit if the 
coil resistance is increased? 


What is the effect of increasing the coil resistance in a parallel resonant 
RLC circuit? 


FREQUENCY EFFECTS ON RLC CIRCUITS 


The effect of adding resistance in the tuned circuits causes the reduction of 
the “Q.” Referring to Figure 11, the curve with the low Q indicates a high 
R and a wider bandpass, as shown by the dotted lines. The bandpass of the 
curve having the lower QO is from approximately 980 kHz to 1020 kHz, pro- 
viding a total bandpass of about 40 kHz. This means that when the lower 
Q tuned circuit is resonant, its rejection of unwanted frequencies is less. For 
this condition, if a radio receiver is tuned to 1000 kHz and another station 
is operating at 1010 kHz, some of the other station’s signals will be heard, 
even though the receiver is tuned exactly to the desired station. The inter- 
fering station causes annoying background effects. 


These se_examples show that the width of the bandpass may be found from 
pees pate Se tre A ot a a a circuit determines the overa 


resonant mant frequency and the Q i the circuit. This relationship can be ex- 
pressed as: 


( Bandpass (Hz) = = (6) 


f, 
Q 


From this relationship, it is determined that a large, or high, Q results in a 
narrow bandpass. Conversely, a lower Q results in a wider bandpass. This 
is true for both series resonant circuits and—parattet resonant _circuits, as 
shown in 1 Figure 11. The tuned circuit having a high Q has the narrow 


bandpass of approximately 20 kHz. 


The narrow bandpass of a high Q circuit and the wide bandpass of a low Q 
circuit are characteristics that may be desirable or undesirable, depending 
upon the circumstances. In a Standard Broadcast (AM) radio, for example, 
it is desirable to have a bandpass of about 20 kHz. Therefore, relatively high 
Q resonant circuits are used. 


Later in the course, you will find that the bandpass required for proper re- 
ception of television signals is about 4 MHz (compared to the previous 20 
kHz). There, the tuned circuits in a television receiver are deliberately de- 
signed to have a low Q and wide bandpass. 


ANALYSIS OF A SERIES TUNED CIRCUIT 


Figure 12A shows how the series RLC circuit of Figure 6 is used in practical 
circuits of radio and television receivers. 
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Figure 


FREQUENCY EFFECTS ON RLC CIRCUITS 


Assume that the plate circuit of tube V, carries the radio-frequency current 
of the desired station. This r-f current develops a changing magnetic field 
around the primary of T,. This induces a voltage into the secondary of T 
that is effectively in series with L and C and is the source voltage. The 
equivalent circuit is shown in Figure 12B. Notice that the equivalent values 
of L and C are the same as in Figure 6 so the resonant frequency is 1000 
kHz. 


When capacitor C is adjusted to resonance, the current in the series tuned 
circuit is maximum, as indicated by the solid line curve shown in Figure 7. 


At resonance, then, each of the components in the eC uit (LU, Ceand 
Figure R) will have the greatest voltage developed acros That is, when the cur- 
12 rent is maximum, the respecti rops across the componerits will be— 


maximum,and the voltage applied between the grid and cathode of tube-V3 
is maximum. The function of tube V2 is to amplify the voltage applied to 
its input circuit (grid-to-cathode). 


ot StOERAND @ ¥ 

me soem : 
JOHNSON 

MESSENGER 350 


Resonant circuits are used in transceivers to prevent the transmission of 
undesired signals. 
Courtesy E. F. Johnson Co. 


At frequencies off resonance, the current in the series circuit will be smaller, 
and the voltage applied to the tube will be correspondingly less. In a cascade 
network of tuned circuits and vacuum tubes, it is often desirable to have each 
tuned circuit resonate at the same frequency. This is done in order to obtain 
the benefit of the maximum voltage being applied to the input of successive 
radio-frequency amplifier stages. In more technical terms, this is called 
ALIGNMENT, and it is the job of the technician to make certain that each 
tuned ‘circuit~actually resonates at the desired frequency. Receivers and 
transmitters are designed with an adjustable L or C component in the tuned 
circuits, allowing them to be varied to bring the respective tuned circuits 
into proper alignment. 


Remember that, in Figure 12A, the resistance, R, that is shown in series with 
the capacitor, C, and inductance, L, is actually the resistance of the coil. 
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Here again, it is desirable to keep the resistance low to obtain the greatest 
voltage across the capacitor at the desired band of frequencies. 


APPLICATION OF SERIES RESONANT CIRCUITS 


The principles of series resonant circuits have many applications in radio, 
television, communications and various electronic fields. By making the in- 
ductance or capacitance variable, it is possible to control the resonant fre- 
quency of the circuit. In addition to station selecting or tuning, resonant 
circuits are used in “filter circuits.” These circuits are designed to separate 
currents of certain frequencies from currents of other frequencies. Because 
of this filtering (separating) action, a resonant circuit is often called a 
BAND-PASS FILTER. ea = 


The band-pass action shown in Figure 13 is based upon variations in voltage 
division, resulting from changes in reactance due to changes in frequency. 
In Figure 13A, the RLC circuit within the dashed lines can be considered a 
single element having an impedance Z. The applied voltage, Es, divides so 
that part of it is across Z and the remainder is across Ro. The portion of Es 
across Ro is the output voltage, Er,. As in any voltage divider, the ampli- 
tudes of the respective voltages, Ez and Ep,, depend upon the relative magni- 
tudes of Z and Ro. Although Ro remains constant, Z changes with frequency, 
causing corresponding changes in the voltage division, and resultant changes 
in the output voltage. 


~ VARIABLE FREQUENCY 
VOLTAGE SOURCE 


Figure 13 


The RLC circuit consists of a coil and capacitor having values which enable 
them to be series resonant at the center frequency of the desired pass band. 
In Figure 13A, resistor R represents the resistance of the coil wire. At any 
frequency the impedance, Z, is equal to the vector sum of R and the net 
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reactance, X. Since X;, and X, are equal, X is zero, and Z is minimum and 
equal to R. As frequency decreases from resonance, X, increases and X,, 
decreases. An increase of frequency from resonance causes X, to decrease 
and X;, to increase. In either case, both the net reactance and the impedance 
increase, as the frequency varies from resonance. When Z is larger than Ro, 
most of the source voltage is across the RLC circuit, and Ep, is small. The 
reverse is true when Z is smaller than Ro. 


The variations of Ep, with changes in frequency are shown by the curve in 
Figure 13B. The resonant frequency is indicated by the vertical dashed line. 
At this point Z is minimum and E,, is maximum. For all frequencies above 
and below resonance, Er, falls off as shown. This is due to the increase of 
the impedance, Z, of the RLC circuit. Circuit current, I, varies similarly. 


E. 
OUTPUT =R O 


1, @VOLTAGE 


[i ee el! 
Ps) 


Figure 14 


The same basic series resonant circuit can be placed in parallel with the 
output resistor, Ro, as indicated in Figure 14A. This arrangement causes the 
voltage Ex, to vary, as shown in Figure 14B, when the values of R, R, and 
Ro are properly selected. This opposite type of response curve is due to the 
resonant circuit now being in parallel with the load resistor, Ro, and in series 
with resistor R,;. This causes a reduction in the equivalent resistance (im- 
pedance) between points X and Y and\causes most of the source voltage to 
be dropped across R,. Since Ro is in parallel with the resonant circuit, the 
voltage across it also has a low value. In effect, this circuit becomes a 
BAND-ELIMINATION FILTER or BAND- REJECTION FILTER,. be- 
cause the output voltages at and near resonance are Teduced to low values. 


EFFECT OF COUPLING ON RESONANCE CURVES 


Looking at Figure 12A again, the voltage induced in the secondary of trans- 
former T, is dependent, in part, on the COUPLING between the primary 
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ae 


the spacing between the coils is increased, greater leakage of flux lines exist. 
Fewer flux lines cause a reduction of induction in the secondary winding. 


OUTPUT 


ENERGY TRANSFER AT RESONANCE 


Figure 15 


In the design of radio-frequency transformers, it has been found that the 
coupling between the windings plays an important part in the capability of 
the circuit to perform its desired functions. Figure 15 shows a double-tuned 
circuit with coupling between primary L; and secondary L». Figure 16 shows 
the effect on bandpass due to the different degrees of coupling between Li 
and Lo. 


The curves of Figure 16 show the changes in the shape of the bandwidth due 
to changes in the amount of coupling between L, and Ly. If the flux linkage 
is small, as for loose coupling, a smaller percentage of the magnetic lines of 
force of L, cut across the turns of L». The resonance curve then has the ap- 


pearance of the “ coupling” curve. 


If the coupling is tight, so that a large percentage of magnetic lines cut 
through inductor L», the strong interaction changes the band-pass character- 
istics of the circuit so that the resonance curve now has two peaks, as shown 


a een — 
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LOOSE COUPLING 


MIN MIN 
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FREQUENCY IN kHz 
EFFECT OF COUPLING ON RESONANCE CURVE 


Figure 16 


in the tight coupling curve. The tighter the coupling, the farther ‘apart the ( 


peaks will. appear. One peak occurs above and the other peak below the 
resonant frequency of the circuits. 


A modern color television uses many series and parallel resonance circuits. 
Courtesy Motorola Inc. t 
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When CE Ge ere coupling” 
value is obtained-—Thi afice curve has only one peak with a reasonably 
flat top.. Thus; by designing the tuned transformer to have a specific amount 
of coupling, it is possible to obtain the desired response to a specific band 
of frequencies above and below the resonant frequency. This condition, 
called critical coupling, is an important consideration in radio, television and 


related communications circuits. 


APPLICATION OF PARALLEL RESONANT CIRCUITS 


The parallel tuned circuit may also be used_in band-pass or band-rejection 


networks. Figure [7A js a simplified arrangement showing an RLC parallel 


circuit in series with output resistor Ro. This combination circuit is con- 
nected across a source of variable frequency voltage. Since the parallel res- 
onant circuit presents a high impedance at the resonant frequency and a low 
impedance at the off-resonant frequencies, it is considered as a rejector at 


the resonant frequency, and an acceptor for the other frequencies. — 


ee ee ———— 


ee Sp By ih 


OUTPUT 
VOLTAGE 


Figure 17 


The circuit arrangement shown in Figure 17A functions opposite to that of 
the circuit shown in Figure 13A. If it is desired to reject a band of fre- 
quencies, the parallel tuned circuit is connected in series with the output 
circuit (Ro). The resultant output voltage curve is shown in Figure 17B. 
The band of frequencies at and near resonance is rejected. The only signals 
appearing at the output are at frequencies other than the undesired band of 
frequencies. Circuit arrangements similar to those shown in Figure 17A are 
sometimes known as “wave-traps.” 

hlibeaher 23 
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Isource 


i 
PASS! PASS 


Figure 18 


In Figure 18A, the arrangement is almost identical to that of Figure 17A, 
except that the output voltage, Eo, is now taken across the parallel tuned 
circuit, and the resistor in series with the tuned circuit is designated as Rj. 
Notice that the voltage curve shown in Figure 18B is drawn to indicate the 
voltage, Eo, across the parallel tuned circuit. At resonance, the source cur- 
rent is minimum, as indicated by the dashed line curve of Figure 10. Also, 
the impedance of the tuned circuit is high, as indicated by the solid line 
shown in Figure 10. 


In effect, the circuit of Figure 18A acts as a voltage divider. When the im- 
pedance of the tuned circuit is high (at resonance) in comparison to the 
resistance of R;, the voltage drop across the tuned circuit (E,) will be large 
in comparison to the voltage drop across resistor R; (Er,). When the im- 
pedance of the tuned circuit is low (off resonance) in comparison to the 
resistance of R;, the voltage drop across the tuned circuit (Eg) will be low 
in comparison to the voltage drop across R; (Er,). 


At all frequencies, the sum of the voltage drops must equal the applied 
voltage. You will remember that the rule (E = Ep + Er, ) applies to all basic 
series circuits. At resonance, Eo reaches its maximum, as shown by the curve 
in Figure 18B. At frequencies off resonance, the impedance across the tuned 
circuit and the voltage across it decreases. The circuit arrangement of Figure 


18A is then a Pand-passorcuit 
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The following Practice Exercise questions cover the subjects which you 
have just studied. They are: 


BANDWIDTH — BANDPASS 


ANALYSIS OF A SERIES TUNED CIRCUIT 


APPLICATION OF SERIES RESONANT CIRCUITS 


EFFECT OF COUPLING ON RESONANCE CURVES 


APPLICATION OF PARALLEL RESONANT CIRCUITS 


27. How does the bandpass of a resonant circuit vary with coil Q? 

28. Assume that a series RLC circuit is resonant at 500 kHz. What is the 
bandpass in Hz if the coil has a Q of 100? 

29. Does the RLC circuit connected to the grid of V. in Figure 12A act 
as a series or a parallel resonant circuit? 

30. When is the voltage applied to the grid of V2 in Figure 12A maximum? 

31. What is meant by the term “alignment”? 

32. Explain how the circuit arrangement shown in Figure 13A functions 
as a band-pass filter. 

33. How does a band-pass filter differ from a band-rejection filter? 

34. Explain how the circuit arrangement shown in Figure 14A functions 
as a band-rejection filter. 
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35? 


36. 


37. 


38. 


How does the degree of coupling between resonant circuits affect the 
bandpass? 


If you wanted a narrow bandpass, should the tuned circuits be over or 
under coupled? 


Explain how the parallel resonant circuit shown in Figure 17A serves as 
a band-rejection filter. 


Explain how the parallel resonant circuit shown in Figure 18A serves 
as a band-pass filter. 


FREQUENCY EFFECTS ON RLC CIRCUITS 


SUMMARY 


The condition of resonance occurs when X, equals X, in either a series or 
parallel RLC circuit. In a series resonant circuit, the impedance at resonance 
. 0 eres SIR Te ° pa a 
is equal to the value of R. Thus, circuit current is high. ‘Below resonance, 
a Series circuit is capacitive, and above resonance it is inductive. 


At resonance, the impedance of a parallel resonant circuit is high. As a 
result, the current drawn from the source is low. Below resonance, a parallel 
RLC circuit is inductive, and above resonance the circuit is capacitive. 


The ratio between the resistance and reactance of a coil is called its Q. The 
Q of a coil helps to determine the bandpass of a resonant RLC circuit. The 
bandpass or bandwidth is the range of frequencies which has approximately 
the same response as at resonance. A high Q coil and a low value of R 
result in a narrow bandpass while the low Q coil and high value of R result 
in a wide bandpass. The actual bandpass can be determined by dividing the 
resonant frequency by the value of Q. 


One of the common uses of resonant circuits is in filter circuits. A band- 
pass filter is a circuit that passes a narrow band of frequencies and rejects 
all others. A band-rejection filter rejects a narrow band of frequencies and 
passes all others. 


As an aid in remembering the characteristics of series and parallel RLC 
circuits, a summary chart is included following this summary. The basic 
circuit characteristics, as well as the important equations, are shown. 
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APPENDIX A— 
RESONANT FREQUENCY EQUATIONS 


RESONANT FREQUENCY IN TERMS OF THE CONSTANTS OF 
THE TUNED CIRCUITS 


At resonance, 


1 


Xz, — Xe or 2rf,.L — Qnf.C 


To solve this equation for f,, the terms are rearranged or transposed. Move 
the capacitive reactance terms across the “=” sign by multiplying both sides 
of the equation by 2zf,L: 


(2xf,C) 
af,L 1) | 
(27f,L) X (2af,-C) (Oak,C) 
: 27f,C . : = 
Since Ee equals 1, the equation reduces to: (2af,L) X (22f,C) = 1. 
Thy 


Multiply the terms together and collect like terms: 
(f, X f,.) x Qn X 27) XK LX C= 1 


fan? xalex Coe: 


Move all but the f,2 term across the “=” sign by dividing both sides of the 
equation by 477 x L x C: 


AP DcISGOS 3. ee 
Aa SC. 2 8472 KCC 
Since 472 X L x C equals 1, the equation reduces to: f;2 = —-_—!____ 
4n?xX LXC 47> x LxC 
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APPENDIX A (Continued) 


Extracting the square root results in: 


fe RTL 
VV 47°LC 
Fi, Geepe Nitlat ads 
271\/ LC 


where: f, = resonant frequency in hertz, 
L = inductance in henries, 
C = capacitance in farads, and 


Ts onlat 


CIRCUIT CAPACITANCE IN TERMS OF INDUCTANCE 
AND FREQUENCY 


Transpose the radical in the f, equation by multiplying both sides by \/ LC: 


POI Ge vee 
2r WELG 
Since — EC equals 1, the equation reduces to: 
Wie 


f. </iiGionls 
Der 


Divide both sides of the equation by f;: 
a 
fe\/AlC 1.27 
eae 
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APPENDIX A (Continued) 


1 
f 


Since ra = 1 and 55 is the same as multiplying a by t. the equation re- 
r Yr T r 
duces to: 
jee ote 
ee 
/ 1 
Lor 
2c, 


Square both sides so that: 


Divide by L so that: 


_ 1 
Ces TL (farads). 


CIRCUIT INDUCTANCE IN TERMS OF CAPACITANCE 
AND FREQUENCY 


From the previous result of squaring both sides: 


nee 
= Gee 


Divide by C so that: 


a 1 : 
hee 442C (henries). 
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IMPORTANT DEFINITIONS 


BANDPASS — The range of frequencies over which the response of a 
resonant circuit is relatively constant. 


BAND-ELIMINATION FILTER — See BAND-REJECTION FILTER. 


BAND-PASS FILTER — A circuit designed to pass a certain band of fre- 
quencies and reject frequencies above or below the designated band. 


BAND-REJECTION FILTER — A circuit designed to eliminate or reject 
a certain band of frequencies and pass frequencies above or below the 
designated band. Also called a BAND-ELIMINATION FILTER. 


COUPLING — In a double-tuned transformer, the means used to transfer 
signals from primary to secondary. Coupling is caused by the flux link- 
age between the two coils. 


FIGURE OF MERIT (Q) — The ratio of the coil reactance divided by its 
resistance. The property which a coil has that makes it suitable for 
resonant circuits. 


PARALLEL RESONANT CIRCUIT — A circuit consisting of a coil and 
capacitor connected in parallel. At resonance, it offers a high impedance 
to the applied signal. 


RESONANT FREQUENCY — The frequency which causes the inductive 
reactance to be equal to the capacitive reactance in RLC circuits. 


SERIES RESONANT CIRCUIT — A circuit consisting of a coil and ca- 
pacitor connected in series. At resonance, it offers minimum impedance 
to the applied signal. 


SOURCE CURRENT — The current supplied by the voltage source to a 
parallel RLC circuit. 
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ESSENTIAL SYMBOLS AND EQUATIONS 


C Capacitance (farads) 


iy Resonant frequency (hertz) 
L Inductance (henries) 
Q Figure of merit 


Xo Capacitive reactance (ohms) 
Xp Inductive reactance (ohms) 
xX Resultant reactance (ohms) 


Zp Impedance of a parallel RLC circuit (ohms) 


as 3.14 
1 
—————— (1) 
27 Vv LC 
.159 
fe (2) 
A/C 
Pn 240) 0! 
C= Re ER eal IR G) 
Zp = OX, (4) 
Zp = QOX¢ (5) 
Batdpace (Haye 22 (6) 


Q 
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10. 


11. 


CIRCUITS 


PRACTICE EXERCISE SOLUTIONS 


(a) directly with frequency. — Inductive reactance is directly propor- 
tional to frequency, as shown by the formula X,, = 27fL. 


500 ohms. — The inductive reactance would be halved from 1000 
ohms to 500 ohms. Remember, inductive reactance is directly propor- 
tional to frequency. 


In a capacitive circuit, current leads yoltage while in an inductive cir- 
cuit, voltage leads current. 


(b) inversely with frequency. — Capacitive reactance is inversely pro- 
portional to frequency as shown by the formula: 


eee | 
Se DAC 


No — resistance is generally not affected by the operating frequency. 


The resultant reactance in an LC circuit is equal to the difference be- 
tween X, and X.. 


1000 ohms capacitive. — The resultant reactance is equal to the differ- 
ence between X,, and X,, 2500 ohms — 1500 ohms or 1000 ohms. 
(Note, the smaller number is subtracted from the larger number.) Since 
X, is greater than X,, the circuit is capacitive. 


At the resonant frequency, X; is equal to Xo. 


Below the resonant frequency, X, is greater than X;, and the circuit is 
capacitive. 


A series RLC circuit is resistive at the resonant frequency where 
tx 
L = Ace 
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PRACTICE EXERCISE SOLUTIONS (Continued) 


12. 1.59 MHz. — 
C = 100 pF = 100 x 10° or 1 x 10°'° farad. 
L = 100 »H = 100 x 10° or 1 x 10° henry. 


peso vie PD. et 159 aerats the = 159 
A ML CONES / PUES T1088 X10 1x 10°! 
Eee SE 150s 10° = 1.59 10° Hz or 1.59 MHz. 


J 1x 1077 


13. At resonance, the impedance of a series RLC circuit is equal to the 
value of resistance, since X,, cancels X,. 


14. (a) maximum. — At resonance, the impedance of a series resonant 
circuit is minimum, and therefore, the current is maximum. 


15. At the resonant frequency, the supply or source current to a parallel 
resonant circuit is minimum since impedance is maximum. 


16. The current is maximum in a parallel RLC circuit at resonance. 


17. At resonance, X;, equals X,, and therefore, the capacitive and inductive 
currents are equal. 


18. At frequencies below resonance, X,;, is less than X, and thus the in- 
ductive current is greater than the capacitive current. As a result, the 
circuit is inductive. 


19, The impedance of a parallel RLC circuit is maximum at resonance. 


20. Yes — Resonance is defined as the condition when X; equals X, in 
both series and parallel RLC circuits. 


21. The Q of a coil represents the ratio of reactance to resistance, Q = +. 


a9 eee mes = a 
22. Q = 25.—Q = =e =F = 25 

% _ X, _ 3500 _ 
23, Z = 245 ko. -Q=54 = = 70. 


Z = QX, = 70 x 3500 = 245,000 ohms or 245 ko. 
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PRACTICE EXERCISE SOLUTIONS (Continued) | 


24. 


25. 


26. 


27. 


28. 


29. 


30. 


31. 


32. 


33. 


34. 


Joe 


The impedance of a parallel RLC circuit at resonance is directly pro- 
portional to the value of Q. 


Increasing the coil resistance causes the impedance at resonance to 
increase. This, in turn, causes the current at resonance to decrease. 


An increase of coil resistance decreases circuit Q. In turn, this de- 
creases the impedance at resonance, increasing source current and de- 
creasing the circuit current. 


The bandpass of a resonant circuit is inversely proportional to Q. In- 
creasing Q decreases bandpass, and vice versa. 


_ f, _ 500,000 _ 
Bandpass = Obaani00e 5000 Hz. 
Figure 12A is a series resonant circuit. 


The voltage applied to the grid of V. is maximum at the resonant 
frequency. 


“Alignment” refers to the proper tuning of the resonant circuits in 
electronic equipment. 


The impedance of a series RLC circuit is minimum at resonance. Thus, 
at the resonant frequency, most of Es appears across Ro. At frequencies 
other than resonance, more of Es appears across the series RLC circuit 
and less output voltage is developed across Ro, as shown in Figure 13B. 


A band-pass filter passes a range of signal frequencies, and a band- 
rejection filter blocks or rejects a range of signal frequencies. 


In Figure 14A, the series RLC circuit is in parallel with the output.. 


Since the impedance of a series RLC circuit is minimum at resonance, 
the output is shorted at the resonant frequency. At frequencies above 
and below resonance, the impedance of the series RLC circuit increases, 
thus permitting an output to appear across Ro. 


As the degree of coupling is increased, the bandpass increases, 
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FREQUENCY EFFECTS ON RLC CIRCUITS 


PRACTICE EXERCISE SOLUTIONS (Continued) 


For a narrow bandpass, the tuned circuits should be undercoupled. 
Increasing the coupling increases the bandwidth. 


In Figure 17A, the parallel RLC circuit is connected in series with the 
output. Since a parallel resonant circuit had maximum impedance at 
resonance, most of Es appears across the parallel circuit at resonance 
with little output appearing across Ro. Above and below the resonant 
frequency, the impedance of the parallel RLC circuit decreases and 
almost all of Es appears across Ro. 


The output is taken across the parallel resonant circuit shown in Figure 
18A. The output is maximum at resonance because the impedance of a 
parallel RLC circuit is maximum at resonance. Above and below 
resonance, the impedance of the parallel RLC circuit decreases and so 
does the output. 
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1, B-IN AN INDUCTIVE CIRCUIT, AN INCREASE OF FREQUENCY CAUSES -- AN INCREASE IN INDUC- 
TIVE REACTANCE, 
Inductive reactance is directly proportional to frequency, Xj, = 2nfL. 


2. C -IN A CAPACITIVE CIRCUIT, AN INCREASE OF FREQUENCY CAUSES -- A DECREASE IN CAPACITIVE 
REACTANCE. 
Capacitive reactance is inversely proportional to frequency’ Gi=iely/ 2ntGe 


3. C -IN ASERIES CIRCUIT CONTAINING INDUCTIVE AND CAPACITIVE REACTANCE AND RESISTANCE, 
A CONDITION OF RESONANCE EXISTS WHEN -- X1, EQUALS Xc. 

Resonance occurs in both series and parallel RLC circuits when XL equals Xc. At resonance, the phase shift 
developed by the capacitance cancels that developed by the inductance. 


4. D- AT RESONANCE, THE IMPEDANCE OF A SERIES RLC CIRCUIT IS EQUAL TO -- R, 
At resonance, the effects of X1, and XC cancel and the impedance is equal to the value of R. 


5. B-A PARALLEL RLC CIRCUIT AT RESONANCE HAS -- MAXIMUM CIRCULATING CURRENT. 
At resonance, the impedance of a parallel RLC circuit is maximum. As a result the source current is minimum, 
However, the circulating current is maximum. 


6. A - ASERIES TUNED CIRCUIT WITH A HIGH Q MEANS THAT IT -- HAS A NARROW BANDPASS. 
The bandpass or bandwidth is inversely proportional to the value of Q. A high Q circuit has a narrow bandpass 
and vice versa, 


7. B - AT FREQUENCIES BELOW RESONANCE, A SERIES RLC CIRCUIT -- IS CAPACITIVE. 
Below resonance Xc is greater than X],. Ina series circuit, the greater value of reactance determines the type 
ofleirceuit, 


8. B - WHAT IS THE RESONANT FREQUENCY OF A PARALLEL RLC CIRCUIT IF L EQUALS 150 pH AND C 
EQUALS 300 pF? -- 750 kHz. 
To determine the resonant frequency, use Equation (la). 


ee) SE Sie .159 
ee eee 
LTS Yu, Bae a 
150 x 10-© x 300 x 10-12 
159 .159 .159 


= eee 2 ee Oe eS 
71.5x10-4x 3x 10-10 74.5 x 10-14 2.12% 10-7 


= .075 10" or 750 kHz. 


9. D - WHAT IS THE BANDPASS OF A CIRCUIT RESONANT AT 500 kHz IF THE VALUE OF Xc IS 2.5 kQ AND 
THE COIL RESISTANCE IS 25 OHMS? -- 5000 Hz. 
Since Xj, = Xc¢ at resonance, Xj, is also 2.5 kQ. The value of Q is found by using Equation 3 


The bandpass is then found by employing Equation 6 
fr 500, 000 _ 


Bandpass =— = ————= 5000 Hz. 
Q 100 


10. A - APARALLEL RESONANT CIRCUIT HAS AN INDUCTIVE REACTANCE OF 10,000 OHMS AND A COIL 
RESISTANCE OF 200 OHMS. WHAT IS THE IMPEDANCE? -- 500,000 OHMS. 
The Q is found using Equation 3, 


x 
Be 2g. 19,000 


R 200 


The impedance is found using Equation 4 


Z = QXz, = 50X 10,000 = 500,000 ohms 
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EXPERIMENT 2 
RESONANT CIRCUITS 


PARTS NEEDED 


1 - Complete Design Console 1 - ,1 uF Disk Capacitor 
1 - Multimeter with Test Leads and 1] - 4002 Relay 
Spring Adapters Modular Connectors 
1 - 4,7 kQ, 1/2 W, 20% Resistor - No, 22 Solid Hookup Wire 
1 - 10 k2, 1/2 W, 20% Resistor 


OBJECTIVE 


Resonance is defined as the condition in a simple series or parallel LC circuit 
when the frequency is such that Xj, = Xc. At resonance, the circuit appears 
purely resistive. In this experiment you will investigate the action of series 


and parallel LC resonant circuits, Your measurements will illustrate the specific 


voltage, current and impedance conditions that exist in series and in parallel 
resonant circuits, 


PART 1 


PROCEDURE 


SERIES RESONANT CIRCUITS 


1, Set up the circuit of Figure 2-1 on your design console. Use the audio 
generator sinewave output. Note that the relay coil is used as the inductance. 


2. Turn on the design console, The ADJUST VOLTAGE control can be set 
fully counterclockwise since the low voltage power supply is not used in this 
experiment, 


3, Set the ADJUST FREQ, control to 0; and measure the voltage drops across 
Lj, G; and Rj. Record these values in the chart of Figure 2-2. Use the output 
function on your multimeter for these ac voltage measurements. 


4, The circuit current is computed by using the voltage drop across R] and 
Ohm's Law as shown below: 


Compute the value of circuit current for an ADJUST FREQ. control setting of 0, 
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and record it in the chart of Figure 2-2. 


5. Complete the chart of Figure 2-2 by setting the ADJUST FREQ. control to 
each of the indicated numbers in the left column. Record the corresponding 
values of ER} EC, and Eq): 


6. Using the data recorded in the chart of Figure 2-2, draw curves representing 
EC, and EL, versus frequency on the graph of Figure 2-3. Be sure to label 

the curves for Ec, and for E],, so that you can analyze the data. Also drawa 
curve showing the circuit current (IT) versus frequency on the graph of 

Figure 2-4. Your voltage graph (Figure 2-3) should look similar to that shown 
in Figure 2-5, and the current graph (Figure 2-4) should be similar to the one 
shown in Figure 2-6. ) 


CONCLUSION 


The graphs you prepared in Figure 2-3 and 2-4 should illustrate the basic 
characteristics of a series resonant circuit. At resonance, the impedance ofa 
series LC circuit is at minimum. Thus, the circuit current is at maximum at 
resonance. Your graph of Figure 2-4 should show a peak at some point. On 
either side of resonance, the impedance increases and the circuit current 
decreases. There may be some difference between the resonant point in 
Figure 2-3 (where Ey = Ec)) and the resonant point in Figure 2-4 where IT is 
at maximum, This is caused by meter loading. 


At resonance, the circuit appears resistive since X;=X¢. However, at 
either~—side 6f resonance, the circuit has reactance as well as resistance, Below 
resonance, XC is greater than Xj, Thus, the circuit is capacitive; and the 
voltage across C should be greater than the voltage across L, Above resonance, 
X1, is greater than XC. Asa result, the circuit is inductive; and the voltage 
across L should be greater than that across C, 


PART 2 
PROCEDURE 
PARALLEL RESONANT CIRCUITS 


1, Set up the circuit shown in Figure 2-7 on your design console, As in the 
previous circuit, the relay coil is used as the inductance. Use the audio 
generator sinewave output. 


2. Turn on the design console and set the ADJUST VOLTAGE control fully 
counterclockwise since the low voltage power supply is not used. 


3, Set the ADJUST FREQ. control to 0. Measure the ac voltage drop across 
9506 
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Rj, and record it in the chart of Figure 2-8. Rj, is connected in series with the 
parallel LC circuit to provide a means of measuring the circuit current. Use 
the output function of your multimeter to measure this ac voltage. 


4. Calculate the circuit current by using the voltage drop across Rj and Ohm's 
Law. 


Record the value in the chart of Figure 2-8. 


5. Complete the chart of Figure 2-8 for each of the ADJUST FREQ, control 
settings, 


6. Using the values of Ip from the chart of Figure 2-8, plot a curve showing 
It versus frequency on the graph of Figure 2-9. Your curve should have the 
general appearance of that shown in Figure 2-10. 


CONCLUSION 


The impedance ofa 4 parallel circuit at resonance is at-maximum and the source 
current i isat minimum, “This should be verified by your graph of Figure 2-9. 


At resonance, the circuit is resistive. Below resonance, the circuit is 
inductive since Xy;, is less than XC; and thus the inductive current is greater 
than the capacitive current, Above resonance, Xc is less than Xy7, (the circuit 
is capacitive). Note that these conditions are opposite to those in the series 
resonant circuit, 
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De VRY INSTITUTE OF TECHNOLOGY 


4141 BELMONT AVENUE, CHICAGO, ILLINOIS 60641 9 5 O 6 = QA 
Preried. . EXAMINATION 
I Bette Howett ScHoots CHECK SHEET 


1. D-AT RESONANCE, THE IMPEDANCE OF A SERIES LC CIRCUIT IS -- AT MINIMUM, 
At resonance, a series LC circuit appears purely resistive since XJ, = Xc. Due to the cancelling effects 
of X;, and Xc, circuit impedance is at minimum, resulting in maximum current. 


2. C-AT RESONANCE, THE CURRENT IN A SERIES LC CIRCUIT IS -- AT MAXIMUM. 
Refer to the solution for Question 1 above. 


3. D-BELOW RESONANCE IN A SERIES LC CIRCUIT, -- Xc IS GREATER THAN Sie 
Below resonance, XC is greater than Xj, Asa result, Ec is greater than Ey; and the circuit appears 
capacitive. 


49s -IN A PARALLEL LC CIRCUIT, <- Br, = Ec: 
In a parallel circuit, the capacitor and inductor voltages are always equal, at any frequency. The value of 
inductive and capacitive currents, however, varies with frequency. 


5, A- THE IMPEDANCE OF A PARALLEL LC CIRCUIT AT RESONANCE IS -- MAXIMUM. 
At resonance, the capacitive and inductive currents cancel since X7,=Xc. Thus, source current is 
minimum; and circuit impedance is maximum, 
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The power output of a single sideband transceiver is generally given in terms of peak power. 
This particular unit has a peak output of 100 watts. 


Courtesy KAAR Electronics Corp. 
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He who is silent is forgotten; 

he who abstains is taken at his word; 

he who does not advance falls back; 

he who stops is overwhelmed, distanced, crushed; 

he who ceases to grow greater becomes smaller; 

he who leaves off, gives up; 

the stationary condition is the beginning of the end. 
—Amiel 
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AC POWER 


Man uses electric energy in many ways. Electric lamps provide light for 
homes, factories, offices and streets. Electric heating elements are used in 
toasters, coffee makers and electric irons. Heating equipment is used in 
industry to make plywood, form plastics and treat metals. Electric motors 
are used in household appliances, automobiles and industrial equipment. 
Transmitters and receivers are used to convey messages and provide enter- 
tainment. These are but a few of the many uses of electric energy. 


In giving the rating of an electrical device, it is common to give not only 
the voltage at which it operates, but also the rate at which it produces or 
uses electric energy. The rate of producing or using electric energy is called 
POWER and is measured in watts. For example, an incandescent lamp may 
be rated at 50 watts at 120 volts; a generator may be rated at 1000 kilowatts 
at 600 volts; and a motor may be rated at 1/2 horsepower at 120 volts, 
where 1 horsepower equals about 746 watts. 


POWER IN RESISTIVE CIRCUITS 


In an ac circuit, the instantaneous power is equal to the instantaneous cur- 
rent times the instantaneous voltage. In the form of an equation: 
eee DT TP ry rar le a, 

Dis er (1) 


where: p is the instantaneous power in watts, 

e is the instantaneous voltage in volts, and 

i is the instantaneous current in amperes. 
NOTE: p, e and i are lower case since they represent instantaneous values. 
Figure 1 shows the relationship between e, i and p for a purely resistive ac 
circuit. In Figure 1, 0 degrees through 360 degrees is in reference to the 
voltage and current sinusoidal waveshapes. The power curve is plotted by 
multiplying the instantaneous voltage and current and _is-a-sinewave_that has 


twice the frequeney-of the-voltage and current waveforms that are shown in 
Figure I. pt 
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In_ purely resistive circuits, the power curve lies above the horizontal 


reference-axis-at-atttimres--During the first half cycle of the voltage and cur= 
rent i veforms, both e and i are positive and their product (ei) is 


a positive power. In the second half cycle, both e and i are negative and 
again their product is a positive power (if two quantities have the same sign, 
their product is positive). This means that the resistor absorbs power and 
dissipates heat during all portions of the cycle. 


The maximum height of the power curve, or the PEAK POWER, is the 


nar 


product of the PEAK VOLTAGE and PEAK CURRENT, In the form of 
al equation: een arora ten mel — — — oe 


Penk = cavlpent (2) 
where: Pyeax 1s the peak power in watts, 
Epeax iS the peak voltage in volts, and 


peak 1S the peak current in amperes. 


The_average power, shown by the lower dashed line-in_Figure 1, is one- 


half _of the peak power. The ‘shaded portion above the dashed line just fills 
in the unshaded portion below the dashed line. In the form of an equation: 


Pee —< Eoeatlpeat = Eyeak ( Treak | (3) 
2 1.414] \ 1.414 


Since Eyeax/1.414 and Ijeax/1.414 are effective (or rms) values (remember, 
peak + 1.414 = rms), the AVERAGE POWER ina ‘cireuit.containing only 
resistance equals the EFFECTIVE VOLTAGE times the REMY 
CURRENT of the circuit. In the form of an equation: 


~~ 


he Dave = Eams x Taos: } (3a) 


Since the average power is 1/2 of the peak power, the peak power is twice 
the average power: 


i ete — 9A ees (3b) 


Effective current and effective voltage produce the same amount of heat in 
a resistor as equal values of direct current and voltage. 
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AC POWER 


E= 
3 VOLTS 
RMS 


Figure 
2 


THUS, AVERAGE AC POWER IN A PURELY 
RESISTIVE CIRCUIT IS EQUIVALENT TO THE DC 
POWER PRODUCED BY A DIRECT CURRENT AND 
VOLTAGE EQUAL IN VALUE TO THE EFFECTIVE 
ALTERNATING CURRENT AND VOLTAGE. 


Unless otherwise stated, the term power in an ac circuit usually oS to the 


average power in the circuit. 
r a 


The instrument shown above is used to read 
instantaneous power in radio-frequency circuits. 
Courtesy Hewlett-Packard Co. 


An example of a purely resistive circuit is shown in Figure 2. The current is: 


se = = = 1.5 amperes, rms. 


ie 


The peak voltage and current are: 
Epeak = Erms X 1.414 = 3 X 1.414 = 4.24 volts 
|e == Ips x 1.414 — ies >< 1.414 — 242, amperes. 


Then the peak and average power are: 


Peak = Beak x yea 
= 4.24 * 2.12 = 9 watts. 


Pave = Erms X Ins 
—3>x 1.5 = 4.5 watts. 


Remember that Pyeax is twice Pave. 


POWER IN INDUCTIVE CIRCUITS 


Figure 3 shows the relationship between e, i and p for a purely inductive 
ac circuit. In a purely inductive circuit, the current lags the voltage by 90 
degrees. 


As in Figure 1, the power curye of Figure 3 is plotted by multiplying the 
instantaneous voltage and current. Whenever either the voltage or current 
is zero (0 degrees, 90 degrees, 180 degrees, 270 degrees and 360 degrees), 
the power is zero. Between 0 degrees and 90 degrees, the current is negative 
and the voltage is positive. Therefore, their product is negative (if two 
quantities have opposite signs, their product is negative). Between 90 de- 
grees and 180 degrees both the current and voltage are positive and their 
product is positive. Similarly, the power curve is negative between 180 de- 
grees and 270 degrees and positive between 270 degrees and 360 degrees. 


THE POSITIVE PORTIONS OF THE POWER CURVE 
REPRESENT THE PERIODS DURING WHICH THE 
INDUCTANCE IS ABSORBING ENERGY FROM THE 
SOURCE BY BUILDING UP A MAGNETIC FIELD. 
THE NEGATIVE PORTIONS OF THE POWER CURVE 
REPRESENT PERIODS DURING WHICH THE 
INDUCTANCE IS RETURNING THE STORED 
ENERGY TO THE SOURCE AS THE MAGNETIC 
FIELD COLLAPSES. 
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Figure 
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AC POWER 


a 


The average power in Figure 3 is zero, because the shaded portion of the 
power curve above the horizontal reference line is equal to the shaded por- 
tion of the power curve below the horizontal reference line. The power 
used by the source during one quarter of a cycle is returned to the source 
during the next quarter cycle. Thus: 


NO POWER IS DISSIPATED IN A PURELY 
INDUCTIVE CIRCUIT. 


POWER IN CAPACITIVE CIRCUITS 


Figure 4 shows the relationship between e, i and p for a purely capacitive 
ac circuit. In a purely capacitive circuit, the current leads the voltage by 
90 degrees. 


As in Figures 1 and 3, the power curve of Figure 4 is plotted by multiplying 
the instantaneous voltage and current. The positive portions of the power 
curve represent the periods during which the capacitor is charging and storing 
energy in an electric field. The negative portions of the power curve represent 


the periods ich the capacitor is discharging and returning the stored 


energy to the source. fol 


The average power of Figure 4 is zero. The shaded portion above the 
horizontal reference line is equal to the shaded portion of the power curve 
below the horizontal reference line. The power taken from the source during 
one quarter of a cycle is returned to the source during the next quarter cycle. 
Thus: 


NO POWER IS DISSIPATED IN A PURELY 
CAPACITIVE CIRCUIT. 


TRUE AND APPARENT POWER 


Figure 5A is the schematic diagram of a series circuit containing both 
resistance and inductance. Figure 5B is a vector diagram showing the phase 
relation between the three voltages and the current in this circuit. In Figure 
SC, the E, vector has been moved over as shown to form an impedance 
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The following Practice Exercise questions cover the subjects which you 
have just studied. They are: 


7. 


POWER IN RESISTIVE CIRCUITS 
POWER IN INDUCTIVE CIRCUITS 
POWER IN CAPACITIVE CIRCUITS 
What does the power rating of an electrical device indicate? 


In a purely resistive circuit the voltage (a) is in phase with the current, 
(b) lags the current, (c) leads the current. 


The equation for instantaneous power in an ac circuit is (a) p = ei, (b) 
p = e/i, (c) p = i/e. 


For most practical purposes, an electric toaster is purely resistive. 
Therefore, the instantaneous power in a toaster is always positive. True 
or False? 


During normal operation a certain electric toaster dissipates 1000 watts. 
This figure represents (a) peak power, (b) average power, (c) 1/2 
average power. 


An incandescent lamp has a voltage of 120 volts effective across it and 
draws a current of .5 ampere effective. What is the value of average 
power and peak power? 


With a sinewave input, a certain audio amplifier has an average power 
output of 10 watts. What is the peak power output of this amplifier at 
the peaks of the input signal? 
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10. 


11. 


POWER QiA 


In a purely inductive circuit, the power that is absorbed from the source 
during one portion of the cycle is returned to the source during the 
next portion of the cycle. True or False? 


The power supplied to a pure inductance is dissipated in the form of 
heat, just as in a resistance. True or False? 


The wattmeter at the service entrance to a certain factory indicates the 
accumulated average power dissipated by the factory. The electric 
power company servicing the factory observed that the factory requires 
a much larger current than that indicated by the wattmeter. Could 
highly inductive loads cause this condition? 


The average power in a purely capacitive circuit is (a) zero, (b) one-half 
of the peak power, (c) equal to the peak power. 
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triangle. This is essentially the same as is done to find the resultant vector. 
The voltage across the resistance, Ep, is in phase with the circuit current, I. 
The voltage across the inductance, E;, leads the circuit current by 90 degrees. 
The source voltage, Es, is the vector sum of Ep and E;, and leads the circuit 
current by the angle 0. 


Figure 6 shows the power curve for the circuit of Figure 5A. Jn_purely 
resistive, inductive _ and d_ capacitive circuits, the instantaneous power is the 
product of the instantaneous voltage-and-current: In” acircuit containing both 
resistance and inductance, some-of-the-power_absorbed from the source is 
dissipated by the resistance, and the remainder-is stored in the magnetic field 
of the inductance and returned to the source > Tater in the cycle. ’ Thus, a 
greater portion—of the power “curve is” ‘above the horizontal reference axis 


than below it. ea, 


- AVERAGE — 


——_— — een, —— 
neal — 


Figure 
6 
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Watthour meters, like the one shown above, are used to measure the total 
power consumption in homes and factories. 
Courtesy Sangamo Electric Co. 


All of the power taken from the source is dissipated as heat. in a PURELY 
RESISTIVE circuit. it. This dissipated power is the product of the effective 
voltage ar and the _effective current, _and- is called TRUE_ POWER Pine, 


average power. 
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XL 
R 
B 
Es=IZ 
ER=IR 
C 
Papparent Preactive 
=EgI =12Z 2E, I= 12x, 


Ptrue“Epl =14R 
D 


Figure 
7 


In an ac circuit containing both resistance and reactance, the product of the 


effective voltage and effective current DOES NOT give the dissipated power, 
because part of the power is returned to the source. (Remember, energy is 
stored in an inductor or capacitor during part of the cycle and returned 
during another part of the cycle.) To distinguish it from the true power, the 
product of effective voltage and effectivecurrent in _a—circuit containing 
BOTH RESISTANCE AND REACTANCE is called APPARENT POWER 


(P snes measured in VOLTAMPERES (VA). 


ih and I is called REACTIVE meh Re- 
active power is measured in VOLT REACTIVE (var). 


Figure 7A shows the impedance vectors for a series circuit with inductance 
and resistance. In Figure 7B, the X;, vector is moved to the right to form 
an impedance triangle. The voltage triangle of Figure 7C is produced from 
the impedance triangle by multiplying R, X, and Z by the circuit current, I. 
Finally, the POWER TRIANGLE of Figure 7D is produced by multiplying 
Es, E, and Eg by I. The same power triangle can be produced by multi- 
plying each side of the impedance triangle (R, X, and Z) by I?. Figure 7D 
also shows us that the-apparent power is s the vector sum of the true power, 
and the reactive power. 


An important point to remember in connection with the power triangle of 
Figure 7D is that no reactive power is dissipated by the circuit. Only the 


true power part of the apparent “power is dissipated by the circuit. 


+ Prrue* Ent 


Freactive =Ecl 
Fapparent *Esi 


Figure 8 


Figure 8A is the schematic diagram of a series circuit containing both 
resistance and capacitance. Figure 8B shows the phase relationships between 
the voltages and current of this circuit in the form of a vector diagram. The 
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voltage across the resistance, Er, is in phase with the circuit current, I. The 
voltage across the capacitance, Eo, lags the circuit current by 90 degrees. 
The source voltage, Es, is the vector sum of Eg and Eo, and lags the circuit 
current by the angle 6. 


Figure 8C is the power triangle for the circuit of Figure 8A. The apparent 


power (VA) is the vector sum of the true power ( (W) and the reactive power 


(vary. Again, the true power is the only power dissipated by the circuit. All 
of the reactive power is returned to the source. 


Prrue® = EsIR 


Freactive=EstL 
Fapparent *Estt 


Figure 9 


Figure 9A is the schematic diagram of a parallel circuit containing both 
resistance and inductance. Figure 9B shows the phase’ relationship between 
the currents and the voltage in this circuit in the form of a vector diagram. 
The current through the resistance, Ip, is in phase with the source voltage, 
Es. The current through the inductance, I,, lags the source voltage by 90 
degrees. The total current, I7, which is the vector sum of Iz and I,, lags the 
source voltage, Es, by the angle 6. Figure 9C is the power triangle for the 
circuit of Figure 9A. The power triangle is produced by multiplying each 
side of the current triangle of Figure 9B by the source voltage, Es. The 
apparent power (VA) is the vector sum of the true power (W) and the 
reactive power (var). 


Figure 10A is the schematic diagram of a parallel circuit containing both 
resistance and capacitance. Figure 10B shows the phase relationships be- 
tween the currents and voltage in this circuit in the form of a vector diagram. 
The current through the resistance, Ip, is in phase with the source voltage, 
Es. The current through the capacitance, Io, leads the source voltage by 
90 degrees. The total current, I;7, which is the vector sum of I, and Io, 
leads the source voltage, Es, by the angle 6. Figure 10C is the power triangle 
for the circuit of Figure 10A. The apparent power (VA) is the vector sum 
of the true power (W) and the reactive power (var). 


1067 
11 


AC POWER 


A 
I 
T Ic 
E 
IR S 
B 
Popparent * Est 
Preactive = Este 
Prrue=Estr 
C 
Figure 
10 


AC POWER 


POWER EQUATIONS 


As previously stated, true power is the product of the voltage across the 
resistance of a circuit and the current through the resistance. Stated as an 
expression: 


(pa Meararas i) (4) 
\ 


Where: Ep is the voltage across the resistance, and 
I, is the current through the resistance. 


This equation also applies to de circuits. True power is the same as average 
ower. 


According to Ohm’s Law, Ep, = IpR and Ip = Ep/R. Substituting for 
Ep, and Ip in Equation 4 gives: 


Pixie — In?R (4a) 
2 
= = (4b) 


As shown in Figure 6, the average and true powers are equal: 


Pisce = Pave (4c) 


Similarly, for reactive power and apparent power: 


(Pan = Exlx (5) 
A 
— I,°X (Sa) 
Ex? 
SS Sb 
X (Sb) 
and ‘ ; 
Papparent = EsIy (6) 
= Iy?Z, (6a) 
E,? 
= 6b 
z (6b) 
1067 
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The following Practice Exercise questions cover the subject which you have 
just studied. It is: 


TRUE AND APPARENT POWER 


12. True power is measured in (a) watts, (b) ohms, (c) amperes. 


13. Apparent power is measured in (a) voltamperes, (b) ohms, (c) amperes. 


14. In a purely resistive circuit the apparent power equals the true power. 
True or False? 


15. An ac motor contains both inductance and resistance. Is the product 
of effective voltage and effective current equal to the true power in such 
a circuit? 


16. What is the unit of reactive power? 


17. In a purely reactive circuit, the apparent power equals the (a) true 
power, (b) reactive power. 


18. The apparent power in an ac circuit containing both resistance and 
reactance is the vector sum of what two components? 


19. Ina power triangle, the two legs of the triangle represent the true power 
and reactive power, and the hypotenuse represents the (a) apparent 
power, (b) average power. 
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20. 


21. 


POWER Q2A 


Which part of a power triangle represents the power dissipated by a 
circuit? 


Is the relationship between true power, apparent power and reactive 
power the same in a parallel circuit as in a series circuit? 
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If a circuit contains both inductive and capacitive reactance, the resultant 


reactance can be determined by using the appropriate equations before using 
Equations 5a and 5b. That is, X = X, — Xo if X;, is greater than X¢ or 


X = X, — Xz if Xc is greater than Xr. If X, = Xc, the circuit acts Poe 


resistive, and the true power is equal to the apparent power. 


POWER FACTOR 


A useful relationship in dealing with power in ac circuits is the ratio between 
true power and apparent power. This ratio is called the POWER FACTOR 
(pf) of a circuit and is obtained by dividing the true power by the apparent 
power: 


— oA 


— 


Since the true power is equal to I,?R and the apparent power is equal to I,°Z, 
Equation 7 can be written as: 


pf = = (7a) 
T 


for either a series or parallel circuit. 


2 
In a series circuit Ip and I; are equal, and = is equal to 1. 


T 


Thus: 


Divs +. (series drt.) (8) 


2 2 
Since the true power is equal to Fe and the apparent power is equal to se, 


Equation 7 can also be written as: 


— ErtZ (7b) 


1067 


eae 


AC POWER 


AC POWER 


i" : - _ Eat 


Z 
= = — (parallel circuit). : 9 
( EZR R Gaeta ) ©) 


Rearranging Equation 7, we find that, FOR A CIRCUIT CONTAINING 
BOTH RESISTANCE AND REACTANCE, MULTIP F- 


FECTIVE VOLT S THE EFFECTIVE CURRENT (apparent 
power) BY THE POWER FACTOR GIVES THE TRUE POWER « ‘ dissipated 


in a circuit. This can be written using Equation 6: 


“~ 


ete = pf x seni 


= pf x Egly. | (10) 


Thus, if the power factor i known, the true power can be found 


by measuring the input voltage and current. 


Also, dividing both sides of Equation 10 by the power factor (pf) gives: 


Die 


of (11) 


Pieteren t= 


Thus, if the power and the true power of a circuit are known, the apparent 
power can easily be found by dividing the true power by the power factor. 


Referring to Equation 7, notice that the power factor of a circuit can never 
be greater than 1 since the true power can never be greater than the apparent 
power. In a purely resistive circuit there is no reactive power, and the ap- 
parent power is equal to the true power. However, IF THE CIRCUIT CON- 


TAINS REACTANCE AND TANCE, THE RENT POWER 
IS GREATER THAN THE TRUE POWER, giving a power factor of less 


than I. Tn urely reactive circuit, the true power is zero and the power 
Sane hak 


factor is zero. The power factor is often multiplied by O express it as 
a percentage. For example, a power factor of .5 could be expressed as 50%. 
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It is often desirable to maintain the power factor of a circuit as close to 1 
as possible. The power factor indicates to what extent a circuit is reactive. 
The lower the power factor, the more reactive the circuit. A circuit with a 
low power-factor must Carry more current than that necessary to do the sanre 
amount of useful work in a circuit with a power factor-of -+——_—__—— 


— i ———— — 
et — ree 


Alternators and transformers, for example, are rated in volt-amperes accord- 

ing to the current-carrying capacity of the windings and the dielectric strength 

of the insulation. The wattage available at the output, however, depends on __ 
the power factor. Some motors have lagging power factors (current lags 
voltage). The reactive current heats the windings of these motors without y 
doing any useful work. In this case, the power factor is often increased by 


connecting capacitors across the motor windings. Such capacitors are called 
power-factor correctors. ee 
ee Se 


ae 


POWER FACTOR 


TYPE AB-18 
GENERAL Sf) ELECTRIC 


The power factor meter shown above indicates 
both leading and lagging power factors. A leading 


ower factor indicates a capacitive circuit~and—a— 
lagging power factor indicates ant ive circuit. 


era ectric Co. 


1067 
15 


AC POWER 


SUMMARY 


The instantaneous power in a circuit is equal to the product of the instan- 
taneous voltage and current. A positive instantaneous power indicates that 
power is being absorbed from the source. A negative instantaneous power 
indicates that power is being returned to the source. In a purely resistive 
ac circuit, the instantaneous power is always positive which indicates that all 
the power absorbed from the source by a resistance is dissipated in the form 
of heat. In a purely reactive circuit, the positive portions of the power curve 
equal the negative portions. This indicates that all the power absorbed from 
the source by a reactance is returned to the source later in the cycle. 


In a purely resistive circuit, the product of effective voltage and effective 
current is the average or true power, and is one-half of the peak instanta- 
neous power. True power is measured in watts. In a circuit containing 
reactance as well as resistance, the product of effective voltage and effective 
current is the apparent power measured in voltamperes. Apparent power is 
the vector sum of true power and reactive power. Reactive power is not 
dissipated as true power but is alternately absorbed from and returned to 
the source. 


The ratio between true power and apparent power is called the power factor. 
Power factors range from 0 to 1. The lower the power factor, the more 
reactive the circuit is. Low power factors are usually undesirable, as a low 
power factor indicates that the circuit is largely reactive. Power companies 
usually charge only for dissipated or true power and not Pet ittive pose 
Therefore, they may require that a factory correct the power factor to near 
1. If the load is inductive, this can be done by connecting large capacitors 


across the ac line. ag 
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22. 


23. 


25. 


26. 


27. 
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following Practice Exercise questions cover the subjects which you 
just studied. They are: 


POWER EQUATIONS 


POWER FACTOR 


An ammeter on the control panel of an industrial control circuit indi- 
cates that the current in the circuit is 2 amperes. Measuring the resist- 
ance of the circuit with an ohmmeter gives a value of 30 ohms. What 
is the power dissipated by the unit? 


A 220 volt ac motor draws 50 amperes from the ac power line. What 
is the apparent power? 


What name is given to the ratio between true power and apparent 
power? 


An electric motor draws 50 amperes from a 220 volt power line, but 
a wattmeter in the line indicates a true power of 9350 watts. What is 
the apparent power, and what is the power factor? 


What are the formulas for determining the power factors of series and 
parallel circuits when the resistance and impedance are given? 


The secondary circuit of a transformer has a power factor of .8. If the 
secondary voltage is 6 volts and the current is 20 amperes, what is the 
apparent power, and what is the true power in the secondary? 


AC POWER Q3A 


28. 


29. 


30. 


31. 


32. 


33. 


Electric lamp circuits commonly operate at a power factor of about .95. 
If an incandescent lamp dissipates 100 watts at a power factor of .95, 
what is the apparent power? 


The power factor of a circuit can never be greater than 1. True or 
False? 


The power factor of a purely resistive circuit is (a) 1, (b) 0, (c) .5. 
The power factor of a purely reactive circuit is (a) 1, (b) 0, (c) 2. 


Why do electric power companies require factories to correct the power 
factors of their equipment to near 1? 


In a large machine shop containing many electric motors, transformers, 
and other inductive equipment, the line currents lag the line voltages. 
This results in power factors much smaller than 1, indicating that the 
power lines must carry larger currents than necessary. How can this 
undesirable condition be corrected? 
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IMPORTANT DEFINITIONS 


APPARENT POWER (Papparent) — The product of effective voltage and 
effective current. It must be multiplied by the circuit power factor to 
obtain the true power of the circuit. 


AVERAGE POWER — See TRUE POWER. 


POWER FACTOR (pf) — The ratio of the true power to the apparent power 
in an ac circuit. The factor by which the apparent power must be 
multiplied to obtain the true power. 


REACTIVE POWER ( Pyesctive ) — That power which, due to the reactance 
of the circuit, is stored during one part of a cycle and returned to the 
source during another part of the cycle. 


TRUE POWER (P);x.) — The power dissipated or consumed in an ac circuit 
in producing heat or doing useful work. True power is equal to the 
product of effective voltage and effective current (apparent power) times 
the power factor. True power is also called AVERAGE POWER. 


VOLTAMPERES (VA) — The unit of apparent power. 


VOLTAMPERE-REACTIVE (var) — The unit of reactive power. 


WATTS (W) — The unit of true or average power. 
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ESSENTIAL SYMBOLS AND EQUATIONS 


Papparent 


Pave 
ley 


ie reactive 


Perue 


pf 


R 


Del 


Instantaneous voltage (volts) 

The peak voltage of a sinewave (volts) 

The effective voltage across a resistance (volts) 

The effective source voltage of a circuit (volts) 

The effective voltage across a reactance (volts) 
Instantaneous current (amperes) 

The peak current of a sinewave (amperes) 

The effective current through a resistance (amperes) 
The total effective current in a circuit (amperes) 
The effective current through a reactance (amperes) 
Instantaneous power (watts) 

Apparent power (voltamperes) 

Average power (watts) 


Peak power (watts) 


_ Reactive power (reactive voltamperes) 


True power (watts) 
Power factor 
Resistance (ohms) 
Reactance 
Impedance (ohms) 


Theta (degrees) 


| ee = Ber eak lpent 


(1) 
(2) 
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ESSENTIAL SYMBOLS AND EQUATIONS 
(Continued) 


ave = 


2 


Pave = Enms X Iams 


Peak — PD 


Bene = Exle 
terue — I,?R 
E 2 
Pivue = coe 
no = Daye 


P reactive = Exlx 


DP feactive — I,x?X 


E;? 


xX 


P reactive = 


Racparent — EsI> 


De aratant = I,°Z 


ae 


Descsrant 3 Z 


P : 
f _— true 

P Panrarent 

_ 12R 

al27, 


pf 


NE AZ; 
De aR 


|) ie S (series circuit) 


es [read Beayt = Peat 
rl 1e4.14 


I 


lieak 


1.414 


| 


(3) 


(3a) 
(3b) 

(4) 
(4a) 


(4b) 


(4c) 
(5) 
(Sa) 


(Sb) 


(6) 


(6a) 


(6b) 


(7) 


(7a) 


(7b) 


(8) 
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ESSENTIAL SYMBOLS AND EQUATIONS 


(Continued) 
pig ae = = (parallel circuit) (9) 
Pimue = pf x a aoparen’ 
= pf x E,lr (10) 
Prue 
Pimserent — —— ( 11 ) 


pf 
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PRACTICE EXERCISE SOLUTIONS 


The rate at which the device produces or uses electric energy. 


(a) is in phase with the current. — The voltage lags the current in a 
capacitive circuit and leads the current in an inductive circuit. 


(a) p = ei. — In this equation, the small letter symbols represent in- 
stantaneous values. Notice how this equation compares to the equation 
for power in a dc circuit (P = EI), where the capital letter symbols 
represent dc values. 


True — In an ac circuit containing only resistance, the instantaneous 
power is always positive. This means that the toaster dissipates power 
in the form of heat during all portions of the cycle. 


(b) average power. — Unless otherwise stated, the term “power” in an 
ac circuit refers to average power. In a purely resistive circuit, average 
power is equal to 1/2 of the peak power. 


P.ve = 60 watts, P,..2, = 120 watts. — The average power is found us- 
ing Equation 3a: 


Ps = Enms x Tews — 120 x aS — 60 watts. 


Since the P,,. is 1/2 of the Pycaxy Ppeax is equal to 2P,,.. Thus, the peak 
power is: 


Preak = 2Pave = 2 X 60 = 120 watts. 


20 watts — Since average power is one-half of the peak power, peak 
power is twice average power: 


Preak = 2Pave = 2X 10 = 20 watts. 


True — An inductance absorbs power from the source as it builds up a 
magnetic field, and returns this power to the source when the field 
collapses. 


False — All of the power absorbed from the source during one portion 
of the cycle is returned to the source during the next portion of the 
cycle. 
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PRACTICE EXERCISE SOLUTIONS (Continued) | 


10. Yes — With an inductive load, some of the power is returned to the 
source. In fact, in a pure inductance all of the power absorbed from 
the source is later returned to the source, resulting in an average power 
of zero. However, the inductance still requires current to build up the 
magnetic field. Thus, a factory with highly inductive loads may require 
a much larger current than that indicated by a wattmeter which indi- 
cates accumulated average power. 


11. (a) zero.— The average power in a purely CAPACITIVE circuit is 
equal to one-half the peak power. 


12. (a) watts. — True power is equal to average power. 


13. (a) voltamperes. — The unit voltampere is used to distinguish apparent 
power from true power. 


14. True — Since no power is returned to the source in a purely resistive 
circuit, the product of effective voltage and effective current equals 
both the apparent power and the true power. 


15. No—JIn an ac circuit containing both inductance and resistance, the 
product of effective voltage and effective current is equal to the ap- 
parent power. In an ac circuit containing only resistance, the product 
of effective voltage and effective current is equal to the true power. 


16. The var. — The term var stands for voltampere-reactive. 


17. (b) reactive power. — There is no true power in a purely reactive cir- 
cuit. Power is stored in the reactance during part of the cycle and re- 
turned to the source during the next part of the cycle. 


18. The apparent power is the vector sum of true power and of reactive 
power. ; 


19. (a) apparent power. — The apparent power is the vector sum of the 
true power and the reactive power. 


20. The true power. — All of the reactive power is returned to the source. 
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PRACTICE EXERCISE SOLUTIONS (Continued) 


21. Yes — In both series and parallel circuits, apparent power is the vector 
sum of true power and reactive power. 


22. 120 watts. — Using Equation 4a: 
Pirue = In?R 
= (2)?(30) 
= 120 watts. 


23. 11,000 voltamperes. — Using Equation 6: 
Papparent = Eshy 
= 220 x 50 
= 11,000 voltamperes. 


24. Power factor. — In the form of an equation: 


Five 


Dasparent 


pi = 


25. 11,000 voltamperes at a power factor of .85.— Using Equation 6: 
Pe nsarent = EsI> 
= 220 x 50 
= 11,000 voltamperes. 
Using Equation 7: 


Peas 


Pipoarent 


pi = 


_ 9350 
~ 71,000 


= .85 


26. For a series circuit, pf = R/Z. For a parallel circuit, pf = Z/R. 


27. 120 voltamperes and 96 watts. — Using Equation 6: 
Prpparent = Esky 
= 6 x 20 
= 120 voltamperes. 
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PRACTICE EXERCISE SOLUTIONS (Continued) | 


28. 


29. 


30. 


31. 


32. 


33. 


Using Equation 10: 
Prrue = PE X Papparent 
= 8 x 120 
= 96 watts. 


105 voltamperes (approx.). — Using Equation 11: 


Prue 4 


Papearedt — pf 
_ 100 
~ 95 


= 105 voltamperes (approx.) 


When the voltage is known, the circuit current can be determined from 
the apparent power by using the relation I, = apparent power/Es. 
Note that this will give a higher current than required for the true 
power. Therefore, the circuit conductors are required to carry a larger 
current than they would if the circuit were purely resistive and had a 
power factor of 1. 


True — The true power can never be greater than the apparent power. 
(a) 1. — The power factor of a purely resistive circuit is 1. 
(b) 0. — The power factor in a purely reactive circuit is 0. 


Because a power factor less than 1 indicates that a factory is drawing 
reactive current from the power company. The reactive current pro- 
duces heat losses in the power company’s lines. The factory owner pays 
for only the true power, so that any power dissipated in the line is a 
loss as far as the power company is concerned. 


By installing large capacitors across the ac power lines. — The vaiues 
of the capacitors are chosen so that their reactance will be equal to that 


of the inductances. Thus, the capacitances and inductances across the 


lines balance each other as in a resonant circuit. This leaves only the 
resistive portion of the line current and increases the power factors to 1. 
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=— ONE OF THE EXAMINATION 
IF Bette HOWELL ScHooLs CHECK SHEET 
lO67A 


Ve A - THE AVERAGE POWER DISSIPATED BY A PURE RESISTANCE IS -- ONE HALF OF THE PEAK 
POWER, 
The peak power is twice the average power which is the product of the RMS voltage and current, 


2, A- AVERAGE POWER IN A PURELY RESISTIVE CIRCUIT IS EQUAL TO THE PRODUCT OF -- EFFEC- 
TIVE VOLTAGE AND EFFECTIVE CURRENT. 

Average power is equal to the product of the RMS or effective voltage and current while peak power is equal to 
the product of peak voltage and current. 


3. D- THE PRODUCT OF EFFECTIVE VOLTAGE AND EFFECTIVE CURRENT IN A CIRCUIT CONTAINING 
BOTH RESISTANCE AND REACTANCE IS THE -- APPARENT POWER. 
The apparent power in a reactive circuit is equal to the vector sum of the true power and reactive power. 


4, B- NO POWER IS DISSIPATED IN A -- PURELY REACTIVE CIRCUIT, 
In a purely reactive circuit, power is absorbed by the reactance during part of the cycle and returned to the 
source during another part of the cycle, 


5. D- THE POWER FACTOR OF A CIRCUIT IS EQUAL TO THE -- TRUE POWER DIVIDED BY THE AP- 
PARENT POWER. 

The power factor of a purely resistive circuit is one, If the circuit contains reactance, the apparent power will 
be larger than the true power and the power factor will be less than one, 


6. A- IN A CIRCUIT CONTAINING BOTH RESISTANCE AND REACTANCE, THE TRUE POWER IS EQUAL TO 
THE -- PRODUCT OF EFFECTIVE VOLTAGE AND EFFECTIVE CURRENT TIMES THE POWER HAG LOR: 
The true power is equal to the power factor times the apparent power (effective voltage times effective current), 


7, A- WHAT IS THE POWER FACTOR IN A SERIES CIRCUIT WHERE THE IMPEDANCE IS 1000 OHMS AND 
THE RESISTANCE IS 850 OHMS? -- .85, 
In a series circuit the power factor is equal to R/Z, 
pf = R = 850 
Z 1000 
8. D- A RESISTOR THAT CARRIES 1,4 AMPERES OF EFFECTIVE CURRENT AND HAS 117 VOLTS EFFEC- 
TIVE ACROSS IT DISSIPATES A PEAK POWER OF -- 327.6 WATTS, 


= oD 


Poeak = oP, =2%X1,4xX 117 = 327.6 watts. 


9. C- A RADIO TRANSMITTER WHICH DRAWS 15 AMPERES (EFFECTIVE) AT 220 VOLTS (EFFECTIVE) 
FROM THE AC POWER LINE HAS AN APPARENT POWER OF -- 3300 VOLTAMPERES, 
Apparent power is equal to the product of the source voltage and source current, 


Papparent = Eg X Ig = 220 X 15 = 3300 voltamperes, 
10, C- A RADIO TRANSMITTER WHICH DRAWS 15 AMPERES (EFFECTIVE) AT 220 VOLTS (EFFECTIVE) 
FROM THE AC POWER LINE AND HAS A POWER FACTOR OF .85 DISSIPATES A TRUE POWER OF -- 
2805 WATTS, 


True power is equal to the apparent power times the power factor, 


Ptrue = Papparent X pf = 15 x 220 x .85 = 2805 watts, 
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EXPERIMENT 3 


POWER IN AC CIRCUITS 


PARTS NEEDED 


1 - Complete Design Console 1 -2.2k2, 1/2 W, 5% Resistor 
1 - Multimeter with Test Leads and 3 - Modular Connectors 
Spring Adapters - No, 22 Solid Hookup Wire 


1 -.1 pF Disk Capacitor 
OBJECTIVE 


In this experiment you will examine the power distribution in an ac circuit 
including resistance and reactance. When reactance is present in an ac circuit, 
reactive power results. This causes the apparent power to be higher than the 
true power (the latter is the power actually dissipated by the circuit resistance), 


PROCEDURE 


1, Construct the circuit shown in Figure 3-1. Be sure to use the audio 
generator sinewave output. Leave the ADJUST VOLTAGE control set fully 
counterclockwise since the low voltage supply is not used in this experiment. 


2. Turn on the design console and set the ADJUST FREQ. control to 0 (lowest 
audio generator frequency), Measure the audio generator ac output voltage and 


the ac voltage drop across R}, using the output function of your multimeter. 
Record the values below. 


ER) volts ac 


Audio Generator Output, Es INO volts ac 


3. Calculate the circuit current using Ohm's Law, and record it below. 


4, The apparent power for the circuit is found by taking the product of the 
source voltage (audio generator output) and the circuit current, as indicated 
below. Calculate and record the apparent power. Note that the unit for apparent 
power is the voltampere. 


Apparent Power (Pa) = Eg XIT = /16 Om voltamperes 


The true power is the power dissipated in the circuit resistance and can be 
calculated as shown below. Calculate and record the true power. 
True Power (Pr) = Ip? xR] = 3 YY watts 


U 
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Power in AC Circuits 


Since the circuit contains a reactive element, C , the apparent power will be © 
greater than the true power. 


5. The ratio of the true power to the apparent power is the power factor (pf), 
Calculate the power factor as shown below. 


Papeete imei 2 AG AG 
ce EA r |, we m 5 


In a circuit with both reactance and resistance, the power factor will always be 
less than 1 since the true power is always less than the apparent power, 


6. The reactive power (Px) can be determined from the true and apparent 
power by employing the power triangle formula: 


seek EEE I IT Ry 
OO 
—— 


oo 


rf Py 
hg. iii 
5 — { @ 
| 16 2 


f awh 
—— 
— 


Calculate the reactive power and record below. Note that the unit for reactive 

power is VARS (voltamperes reactive), te 
Reactive Power (Px) = | . ML uvars 

You will note that the algebraic sum of the true and reactive powers is not equal 

to the apparent power. The apparent power is the vector sum of the true and of G& 

the reactive power. 


7. Ifthe frequency is varied in an ac circuit, the power distribution will change. 
Increasing frequency in an RC circuit will increase the true power and bring 
the power factor closer to 1, 


Set the audio generator ADJUST FREQ, control to 10 (highest audio generator 
frequency), Measure the voltage drop across Ry and the audio generator output, 
Eg, recording the values below. 


ER] = I, S volts ac 
Audio Generator Output, Es = 3, 6 volts ac 
Calculate the circuit current and record it below. 
Ls Ne ube TN ie ues 
ft ak Rj 


8. Calculate the apparent power, true power, reactive power and power factor, 
recording the values below. 


Em = A, Us aa 
Apparent Power (Pa) = Eg x Ip = -  voltamperes 
True Power (Py) = Ip? x Rj] = § OX watts © 
9506 


3-2 


. > * gas) Uf c) — },0 raed 
Power in AC Circuits th ea 
2 2 =_ #, a be ¥}- 
Reactive Power (Px) =\/PA™ - Pt” = a Wie ee 
Lat ita aia 
pf = = = ' oa | Pa be 
Lh Cm) - § 


Your calculatedvalues for true power and power factor should be higher than 
those values obtained earlier at a lower operating frequency. 


CONCLUSION 


In an ac circuit containing uncancelled reactance, the actual power dissipated in 
the circuit (the true power) is less than the apparent power, The product of the 
source voltage and circuit current is equal to only the apparent power, The ~ 
reactive power < accounts for the difference between the true power and the 

apparent power with the vector sum of the true and the reactive powers equaling 


the apparent power, 


When the value of the reactance in a series circuit is low, the true power will 
be close to the apparent power (the power factor will be close to 1), On the 
other hand, when the reactance is high compared to the resistance, the true 
power will be much lower than the apparent power, resulting in a power factor 
much less than l, 
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(Bette Howett ScHoois CHECK SHEET 


1, B - WHAT IS THE FORMULA USED TO CALCULATE APPARENT POWER? -- P = Eg x Ir. 
The apparent power is equal to the product of the source voltage and of the circuit current. 


2. D- SUPPOSE THAT THE TRUE POWER IN AN AC CIRCUIT IS 3 WATTS AND THAT THE POWER 
FACTOR IS 0.8. WHAT IS THE APPARENT POWER? -- 3.75 VOLTAMPERES, 
The apparent power is calculated by rearranging the power factor formula: 


ie 
ieee 
Pa 
1s 
2% 
Py, = a a = 3.75 voltamperes, 


Note; The correct unit for apparent power is voltamperes, not watts. 


3. A- INA SERIES AC CIRCUIT CONTAINING R AND C, IF THE SOURCE FREQUENCY DECREASES, 
THE -- POWER FACTOR BECOMES CLOSER TO ZERO. 
A decrease in frequency causes an increase in Xc, thus increasing the reactive power and making the power 


factor even smaller. 


4, D- WHAT IS THE FORMULA FOR DETERMINING THE REACTIVE POWER? -- Px \/P,? - Pr’. 


The reactive power formula is a rearrangement of the basic power triangle formula: 


PaZ = Pr@ + Px? 


Pa’ - Pp’ or Py A\/Pa? - Py? 


5. B - HOW CAN THE POWER FACTOR OF THE CIRCUIT SHOWN IN FIGURE 3-1 BE MADE EQUAL TO 1? 
-- ADD JUST ENOUGH INDUCTANCE TO MAKE THE CIRCUIT PURELY RESISTIVE, 
When a circuit is resonant, is appears purely resistive; and the power factor will be equal to l. 
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Television receivers employ a number of filter circuits. A low-pass filter in the power supply 


provides smooth dc to the various circuits. High-and low-pass filters are used to separate the 
pulses which synchronize the picture. 


Courtesy Sony Corporation of America 
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Between Sunrise and Sunset, two precious hours 
Set with Golden Opportunities, 
No reward offered—they are gone forever. 
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Our senses react far too slowly to detect many electronic actions. To our 
eyes and ears, many things which seem to occur instantaneously actually re- 
quire definite and measurable periods of time. You can carry on a conver- 
sation between New York City and San Francisco by long distance telephone 
without any noticeable pauses. Yet, it requires an appreciable part of a sec- 
ond for the electric energy form of your voice to travel the 3,000 miles be- 
tween the two cities. 


The highest known velocity, that of light and electromagnetic radiation, is 
approximately 186,000 miles per second. This velocity can also be stated as 
-00000537 seconds per mile. 


When measuring small time quantities, it is customary to divide a second into 
one million parts, with each of these parts called a MICROSECOND (uw sec). 
Thus, multiplying by one million, .00000537 second is equal to 5.37 micro- 
seconds. At this rate, it requires 5.37 x 3,000, or 16,110 microseconds for 
electric energy to travel from New York to San Francisco. This may seem 
like a long time, but it is equal only to 0.016 second, an interval too short to 
be noticed as a conversational pause. 


When an electric lamp is switched on, it appears to light instantly. Actually, 
in terms of microseconds, an appreciable amount of time is required for the 
lamp to reach full brilliance. The explanations of the early lessons assumed 
that the action of electric energy was instantaneous. However, in subsequent 
lessons it was shown that inductance delays a change of current, and capac- 
itance delays a change of voltage. 


Every circuit includes the three properties of resistance, inductance and capac- 
itance. Because of the speed of many electric and electronic actions, the 
slight delays caused by inductance and capacitance become important. 


This lesson explains the effects of RL CIRCUITS and RC CIRCUITS on ac 
and de sources, and shows how it is possible to selectively filter or separate 
currents or voltages of different frequencies. 


The property of inductance causes the current to lag the voltage in a sinewave 
ac circuit. In such circuits, the lag, or phase angle, depends upon the rela- 
tionship between reactance and resistance. The inductive reactance changes 
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with frequency, as X;, = 2xfL. In ac circuits, the phase angle between the cur- 
rent _and voltage depends uf Le | the frequency _ of the voltage as ‘well as the 


the inductance and resistance 0 of ‘the ‘circuit. rer Oe 


A OOO NIE see a sere a aS A Ht se 


RL CIRCUITS 


If a de voltage is applied to a circuit that contains only resistance, the current 
is determined by Ohm’s Law: I = E/R. The current attains this value the 
instant the circuit switch is closed, and it is as continuous and unvarying as 
the source voltage. However, if the circuit contains inductance as well as 
resistance, the current is held back by the inductor’s counter emf, and does 
not rise to the maximum value immediately. Figure 1A shows the increase 
of current with time when the circuit of Figure 1B is connected to a dc 
source. The shape of this current change follows an EXPONENTIAL 
CURVE. The current increases rapidly at first and then gradually tapers off 
to its maximum value. (We will assume an ideal dc source. The impedance 
of such a source is zero.) 


Observation of Figure 1A shows that for each equal consecutive vertical line 
interval of time, the current increase is less than during the previous interval. 
In the first time interval, the current rises to 63.2% of its final value; in the 
second interval the current rises to 86.5% of its final value; in the third in- 
terval the current rises to 95%; in the fourth interval it reaches about 98.2%, 
and at the end of the fifth interval the current is about 99.3% of maximum, 
which is so near 100% that for all practical purposes the current is con- 
sidered to be at its maximum. 


Now assume that the dc output of the supply dropped to zero. With zero 
impedance, the supply looks like a short from points X to Y in Figure 1B. 
Switch S is still closed. The current in the inductor does not fall immediately 
to zero, but, starting from maximum, follows a curve shape like that shown 
in Figure 1C. Notice that this curve is the opposite, or inverse, of the Figure 
1A curve. The current falls rapidly at first, then tapers off toward zero. In 
the first interval, it falls 63.2% from its maximum. This is 100 — 63.2, or 
36.8% above zero, as read to the left of the 63.2% point on the percent 
ordinate—slightly below the 40% mark. 


Like the rise to maximum, the decrease of current at the end of the second 
interval is 86.5% from the maximum. This process continues until the end 
of the fifth interval, when, for all practical purposes, the current is zero. 


For each successive interval, the increase (or decrease) of current is 63.2% 
of its remaining value. For example, at the end of the first interval in Figure 
1A, the current has increased to 63.2% of the maximum (100%). At the 
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end of the second interval, the current has increased to 63.2% of the remain- 
ing 36.8%, for a total of 86.5% of maximum. At the end of the third period, 
the current has increased to 63.2% of the remaining 13.5%, or a total of 
95%. 


This recurring 63.2% of the rise or fall of current in a fixed interval of time 
is called the TIME CONSTANT of the circuit. The time interval in which 
the current rises to 63.2% of its maximum is the first time constant. At the 
end of three time constants, the current is at 95% of its maximum. 


INDUCTOR CURRENT CHANGE 


At the 

End of Increase of : Remaining 

Time Current (% of Total Current Current change 
Constant remaining change) (% of maximum) (% of maximum) 


63.2% of 100 3 A ORY , } 100 - 63.2 
63.2% of 36.8 2 CRIP) @ OR}. S ‘ 100 - 86.5 : € 
63.2% of 13.5 . 86.5 + 8.5 é 100 - 95 . 
63.2% of 5.0 : 95.0 + 3.2 ; 100 - 98.2 
63.2% of 1. ‘ 98.2 + 1.1 : 100 - 99.3 


6352/0.0f ne : 99.3+ .44 , 100 - 99.74 


63.2010f 0 ; 99.74 + .16 ; 100 - 99.9 


Figure 2 


The relationships between the percent of maximum current and time con- 
stants are shown in the chart of Figure 2. Although the chart shows the cur- 
rent change for seven time constants, only five are shown in the graphs of 
Figure 1. In practice, five time € constants are Bs to constitute a full 


change (or discharge). tree ee ee 


In an RL circuit the time required to reach maximum charge increases with 


increasing values of inductance. This condition is understandable, as a 
greater LC has a greater counter emf, ‘causing a slower current rise. Con- 
ee 


sn if the resistance is gréater, a shor Bis pes en aR fan fie carte 


to reach its imum, since the smaller r emt ermits greater current. 
taaximum, 18. & ‘ 


pavement 
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L/R Time Constant 


The time constant of an RL circuit, in seconds, is equal to the circuit in- 
ductance divided by the circuit resistance: 


(T =L/R) (1) 


where: T is the time constant in seconds, 
L is the inductance in henries, and 


R is the resistance in ohms. 


Using Figure 1B as an example, E is 100 volts (dc), R is 10 ohms, and L is 
20 henries. The final or maximum current in the circuit is: I = E/R = 
100/10 = 10 amperes. The time constant, L/R = 20/10 = 2 seconds, 
means that-2-seconds are required for the current to reach 63.2% of 10, or 
6.32 amperes. In Figure 1A, the point where the charge curve reaches the 
vertical line representing 1 time constant equals a little more than 6 amperes, 
as shown on the 0 to 10 ampere current scale at the left side of the graph. 


The current at the end of the 2nd and 3rd time constants is 8.65 and 9.5 
amperes, respectively. The graph is a little too small to read the 4th and Sth 
time constants, but these values can be read in the chart of Figure 2. At the 
end of the 4th time constant the current is 9.82 amperes, and at the end of 
the 5th time constant the current is 9.93 amperes. 


When the de supply voltage of Figure 1B is opened, the current decreases, 
as shown by the curve of Figure 1C. At the end of the Ist time constant, 
the current decreases 63.2% from its maximum, or falls .632 x 10, or 6.32 
amperes. The current in the circuit at this instant is 10 — 6.32, or 3.68 
amperes. With 10 amperes as the maximum current, the percentages shown 
in column four of the chart of Figure 2, multiplied by 10 amperes, give the 
corresponding current in the circuit at the ends of up to 7 time constants. 


Let’s see what happens when the inductance is changed. Assume that the 
inductance, L, is now 40 henries and R is still 10 ohms. The time constant is 
T = L/R = 40/10 = 4 seconds. Now, 4 seconds is required for the current 
to reach 63.2% of maximum after the switch is closed. A total of 8 seconds 
is required for the current to reach 86.5% of 10 amperes, or 8.65 amperes. 
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Now, assume that the circuit resistance is increased. Let R = 50 ohms, 
E = 100 volts, and L. = 20 henries. T = L/R = 20/50 = 4 second. Be 
cause the resistance is large in comparison to the inductance, the back emf is 
Ee maximum m an for our— 
original example. However, notice that the maximum current, I, = 100/50 = 
2 amperes. This means that the current at the end of each successive time 
constant is less. 


Going back to Figure 1B, starting at the instant the dc voltage is applied 
through closed switch S, the current increases from zero to its final value as 
shown by the curve of Figure 1A. This current change results in an induced 
voltage, E,, which has a polarity opposite to that of E, as indicated by the 
plus and minus signs. As E and E;, are in SERIES OPPOSITION, the 
effective, or net voltage, is equal to E — E,, or E,. Simultaneously, the 


current Pe resistan instant the current— 
has_a-value_equal to E,/R. 


An instant after the is applied, the rate of current change is rapid, 
and there e induced voltage, E,, is large, the net voltage, En, is small, 
and the circuif current is low. Howéver, as the current approaches maxi- 


mum, its rate of change is slow, the induced voltage decreases, the net voltage 
increases, and the circuit current is correspondingly larger. Current through 
a resistance causes a voltage drop, and the voltage drop, Er, of Figure 1B is 
in step with the change of current. In effect, a voltage curve, Er, has the 
same shape as the current curve of Figure 1A. 


a 


Because inductance is frequently measured in microhenries, the necessity of 
converting the inductance to henries can be avoided by thinking of the time 
constant in terms of microseconds. That is, the known values in microhen- 
ries and ohms may be substituted directly into the equation: 


Gis LAR 


if T = time in microseconds, 
L = inductance in microhenries, and 


R = resistance in ohms. 


Then, if R = 10 ohms and L = 100 microhenries, the time constant is: 
{ples A bye 
= 100/10 


= 10 microseconds. & 
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A “universal” time constant chart for RL and RC circuits is shown in Figure 
3. Curve 1 has the samé pe as the igure ITA, and curve 2 has 
the same shape as Figure 1C. The vertical scale is marked in percent of 
maximum voltage or current, and the horizontal scale is marked in time con- 
stants. 


100 


PERCENT OF MAXIMUM 
VOLTAGE OR CURRENT 


Figure 3 


Let’s see how the curves of Figure 3 can be used to determine some instan- 
taneous voltages. In the circuit of Figure 1B, the maximum voltage drop is 
100 volts. What is the instantaneous voltage across the resistor at the end 
of the 3rd time constant? Checking curve 1 of Figure 3, and reading to the 
left from the curve, at the 3rd time constant the approximate percentage is 
95. Multiplying by the maximum voltage, 100, the voltage drop is 95 volts. 


The induced voltage, E,, follows the shape of the curve of Figure 1C. As 
the current change is large at the instant switch S of Figure 1B is closed, the 
counter emf is large, and it gradually decreases as the change of current be- 
comes less; finally it reaches approximately zero at the end of five time con- 
stants. This maximum change of decreasing voltage takes place in five time 
constants, as does the maximum change of increasing voltage. 


A simplified method of determining the relationship between time constants, 
resistance and inductance is given in the explanation for using the graph of 
Figure 4. 
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TIME CONSTANT T IN MICROSECONDS 


Waesler ane a PionKek 
This graph shows time constants for various combinations of resistance 
and inductance. To read the graph, begin at a point along the bottom 
scale corresponding to the known resistance, follow the vertical line up 
to the diagonal line representing the known inductance. From this inter- 
section, follow the horizontal line to the left to the indicated time constant. 


Figure 4 


Decay of Current in an RL Circuit 


creases or DECAYS “gradually. The time r required for. aie current to reach 
‘zero depends upon the time constant. In Figure 5A, a steady voltage, E, is 
applied to a resistor, R, and an inductor, L, which are connected in parallel 
across the voltage source. As indicated by the arrows, the current divides at 
the junction of R and L with part of the current carried by each component. 
For this discussion, we will assume that L is large, and also has appreciable 
dc resistance. 


When the current in L reaches its final or steady value, it isn’t affected by 
the inductance of the c ‘coil. In fact, the only opposition to current in this 
branch of the circuit is that offered by the resistance of the coil wire. There- 
fore, as long as the applied voltage, E, does not change, the circuit of Figure 
5A is equivalent to a circuit containing two resistors in parallel. The same 
voltage is applied to both components, and the respective currents cause 
voltage drops across R and L having the polarities indicated by the plus and 
minus signs. 


1070 
10 


Figure 5B shows the conditions existing in the circuit for a short time after 

the applied voltage has been removed by opening switch S. As in any re- 

sistive circuit, the current produced by E is opposed by R and the coil re- 

sistance, and tends to drop to zero immediately. This rapid decrease of cur- 
eee 


ee 


rent in L induces a voltage, E,, with the indicated aa 


ee cotnadacreapeeane 


ee 


This in induced voltage is Opposite in polarity to that which opposed a current 
increase, and therefore, it tends ‘to maintain electron 1 flow_in L in the same 
afectionie hadnt when the switch was closed. With S open, the only path for 
these electrons is provided by resistor R, as shown by the arrows. Thus, the 
voltage across R is equal to E;, at any instant and has the polarity indicated. 


Notice that the current in L now _has-the-same-direction as when_switch.S 


was closed, but current through R is now in the opposite direction to what__ 


it was when S” was closed. 
ti 


After the initial rapid decrease when the switch is opened, the current falls 
more slowly and the induced voltage decreases at a lower and lower rate, 
until both are reduced to zero. The voltage across resistor R—always pro- 
portional to the current and equal in magnitude to the induced voltage, E,— 
varies in the same way, decreasing from an initial high value to zero. The 
rates at which the current and voltage decrease are determined by the time 
constant of the circuit. Curve 2 of Figure 3 represents the changes of E,, Ez 
and the current in R and L, from the instant the switch is opened until the 
three quantities I, Ey, and Ep have decreased to zero. 


As indicated by the time constant equation, T = L/R, the greater the in- 
ductance in the circuit, the longer it takes for the current to decay to a given 
value or zero. In contrast, the higher the resistance, R, the less time it takes 
for the current to drop to zero. This may sound strange, but consider the” 
extreme case in which R is removed entirely from the circuit so that there is 


infinite resistance in Series with L when the switch is opened. The current “, 


must drop to zero instantly because no complete path exists for the electron 
flow. Conversely, suppose that, just before opening the switch, L is shorted 
with a wire to provide a current path having a total resistance of 1 ohm. If 
L = .5 henry and T is equal to .5/1 = .5 second, it will take five time con- 
stants (5 & .5) or 2.5 seconds for the current to fall to zero. 


RC CIRCUITS 


The property of capacitance causes the current to lead the voltage in an ac 
circuit. In such circuits, the phase angle depends upon the relationship be- 
tween the reactance and resistance. Capacitive reactance varies inversely 


1 
2nfC 


with frequency, as indicated in the expression X,_ = The phase angle 
— 
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depends only upon the resistance and capacitance of the circuit. 


The simple RC circuit shown in Figure 6 consists of a resistor, R, a capacitor, 
C, and a switch, S, connected in series across voltage source, E. When the 
switch is closed to position 1, the circuit is completed and electrons flow from 
the source negative terminal through switch S to the lower plate of capacitor 
C, and from the upper capacitor plate through resistor R to the positive ter- 
minal of the voltage source. 


Because of the current-limiting effect of the resistor, the capacitor does not 
charge instantly. In fact, an appreciable time is required for the number of 
electrons necessary to charge the capacitor to flow through the resistor. The 
exact time required to complete the charge depends on both the capacitance 


and resistance of the circuit. The capacitance determines how many elec- 
trons are required for the full charge, and the resistance mes how rap- 
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An oscilloscope provides a convenient means of observing the waveshaping 
effects of an RC or RL circuit. 


Courtesy Tektronix Inc. 


1070 
12 


When de is applied to an RC circuit, the rising circuit current reaches max- 
imum almost instantly, as determined by I = E/R, an then gradually fats 
to_zero as-the-voltage-across the-capacitor_builds up. The curve of Figure 
1C shows this action. Consider the vertical scale line at the left as repre- 
senting the instantaneous rise of current to maximum. Then, as the capacitor 
begins to charge or build up a voltage, the charging current decreases gradu- 
ally to zero. The current in an RC circuit decreases in exactly the same way 
as in an inductive circuit. In the first time interval, the current falls 63.2% 
from its maximum value, or to 36.8% of its initial value. 


The fourth column of the chart of Figure 2 may be used to find the circuit 
current at the end of each of the equal time intervals. Curve 2 of Figure 3 
is the same current change when the horizontal line of the graph represents 
RC time constants. 


Since the same exponential curve relationship holds true for RC circuits as 
for RL circuits, the recurring 63.2% fall from maximum current in a fixed 
time interval is also the TIME CONSTANT of an RC circuit. 


| § RC Time Constant 


The time constant of an RC circuit is equal to the resistance multiplied by 
the capacitance: 


( r=Rc ) (2) 


where: T = time constant in seconds, 
R = resistance in ohms, and 


C = capacitance in farads. 


Using Figure 6 for an example calculation of RC time constant, R is 100,000 
ohms or 1 x 10° ohms, and C is 20 microfarads or 20 x 10-® farads. The 
time constant of this circuit is: 


T= RE 
See Ot 20S L07% 
| 9 ae20"5010-*. or 2. seconds. 
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With an applied de voltage of 100 volts, the initial or maximum current is: . 


T=E/R 


Mr lescal 0: 
Wels LO: 


= LX el Orme Ag 


Thus, a time duration of 2 seconds is required for the current to fall 63.2% 
from its maximum, or to 36.8% of 1 mA. At this point, the current in this 
example is .368 x .001 = .000368 ampere, or .368 milliampere. Accord- 
ingly, at the end of the second time constant the current is 13.5% of 1 mA, 
or .135 milliampere. At the end of the five time constants the current is 
practically zero. 


Of course, during this period of current fall, the capacitor is charging, and the 
voltage across the capacitor rises exactly as shown by curve 1 of Figure 3. 
The values at the end of each time constant are shown in column 2 of Figure 
7. The corresponding voltage across the capacitor, expressed as a percentage 
of the applied voltage, is listed in the third column of Figure 7 for several 
time constant intervals. For all practical purposes, the full change takes 
place in five time constants. While the current falls to .368 milliampere in 
one time constant, the charge or capacitor voltage rises to 63.2% of the 
applied voltage. At this time, the capacitor voltage is .632 x 100, or 63.2 
volts. The change continues until the capacitor is fully charged. 


CAPACITOR CHARGE CHART 


At the 


End of Increase in Total Capacitor Effective 
Time Capacitor Voltage Voltage (% of Voltage (% of 


Constant (% of applied voltage) applied voltage) supply) 


. 2% of 100 


. 2% of 36.8 


2% of 13:5 


.2% of 5.0 = 


ye) aa es 


SPMoye A 


.2% of .26 = 


Figure 7 


1070 


’ 


NETWORKS Q1 


The 
have 


i is 


iS) 


5. 


aN 


~ 


8. 


1070 
Ql 


following Practice Exercise questions cover the subjects which you 
just studied. They are: 


RL CIRCUITS 
L/R TIME CONSTANT 
DECAY OF CURRENT IN AN RL CIRCUIT 
RC CIRCUITS 
What is a microsecond? 


What is the phase relationship between voltage and current in an 
inductive circuit? 


During one time constant, what is the CHANGE of current in an 
RL circuit? 


How many time constants are required for a full change of current in 
an RL circuit? 


What is the total change in current at the end of 3 time constants in 
an RL circuit? 


What is the formula for determining the time constant of an RL circuit? 


In the following circuit, what is the maximum value of current, and 
how long will it take for the current to reach maximum after the switch 
is closed? 


What happens to the time constant of an RL circuit when the value of 
R is increased? 


NETWORKS Q1A 


9. Describe the action in Figure 5 when the switch is opened. 


10. Decreasing the value of R in Figure 5 causes the induced voltage 
developed across the coil to decay faster. True or False? 


11. What is the phase relationship between voltage and current in an 
RC circuit? 


12. At the instant the switch is closed, what is the value of circuit current 
and the voltage drop across C in Figure 6? 


Let’s see if the basic rule of voltage drops in a series circuit holds true here. 
At the end of one RC time constant, the circuit current is 36.8% of 1 mA, 
or .000368 ampere. The capacitor voltage is 63.2% of 100 volts, or 63.2 
volts. The sum of the voltage drops equals the applied voltage. The voltage 
drop across the resistor Eg = IR = .000368 x 100,000 = 36.8 volts. 
Thus, the voltage across the capacitor Ep + Er = 63.2 + 36.8 = 100 volts, 
which is the same as the applied voltage. 


In practical circuits, knowledge of the voltage across the capacitor or its 
charged condition is Of more value to the technician than the decrease of* 


current in the-RC-circuit. The more capacitance in the nee Cagdnee 
the time required to reach 63.2% of full charge. Also, the 


resistance, the less current there is available to charge the ca ca A A 
the longer the time required to reach—fullcharge. 


Equation 2 does not contain a voltage term, as the source voltage makes no 
difference in the time constant. For components of appropriate ratings, 
regardless of the voltage impressed across the RC circuit, the capacitor will 
charge to 63.2% of the source voltage during the interval of the first time 
constant. This is assuming that the capacitor had zero charge at the start 
of the time constant interval. At any rate, 


DURING EACH SUCCESSIVE TIME CONSTANT 
INTERVAL, THE CAPACITOR VOLTAGE WILL 
CHANGE BY 63.2% OF THE TOTAL REMAINING 
CHANGE THAT CAN OCCUR. 


To illustrate the use of the chart of Figure 7 and curve 1 of Figure 3, 
consider an RC circuit like that of Figure 6 in which R = 25,000 ohms, 
C = .02 uF, and E, = 500 volts. What is the approximate voltage across 
the capacitor at the end of the second time constant, and how many micro- 
seconds are required for the capacitor to charge to the source voltage? 


Reading from curve 1 of Figure 3, the 2nd time constant line cuts the curve 
at approximately 86%; or from column three of the chart of Figure 7, at 
exactly 86.5%. Thus, .865 « 500 = 432.5 volts. Since the time constant 
of the circuit is: 


= RC 


as 275 X 10* S002 °K M0 


.05 x 10-7, or .0005 second, or 500 microseconds, then for 2 
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time constants the charging time required to reach 432.5 volts is 2 x 500, 
or 1000 microseconds. 


Capacitor Discharge through a Resistor 


By iti ime constant is the time required for a quantity to change _ 
by 63.2% of the maximum change that can occur. Nothing in the definition 


indicates whether the change is to a higher or lower value. The time constant 
applies to both charging and discharging capacitors. 


In Figure 6, with the switch in position 1, the resistor, R, and capacitor, C, 
are connected in series across the voltage source, E, and the capacitor charges 
in the manner described. When the capacitor is fully charged, its voltage, Eg, 
is equal to the applied voltage, E. At this time, the resistor voltage, Ep, is 
equal to zero and the circuit current is zero. 


To start the discharge period, switch S is placed in position 2, as shown in 
Figure 8, thus disconnecting the voltage source, and connecting the resistor 
directly across the capacitor. Now the capacitor becomes the voltage source. 
The capacitor discharges by forcing electrons from its negative plate through 
the switch, S, and resistor, R, to its positive plate, as indicated by the arrows. 


Figure 
& 


CAPACITOR DISCHARGE 


At the 

End of Decrease of Capacitor Remaining Capacitor 

Time Voltage (% of Voltage (% of 
Constant initial voltage) maximum voltage 


.2% of 100 100 - 63.2 
.2% of 36.8 ; 3658. = 2313 
.2% of 13.5 ; 132 59=9.805 
.2% of 5 ; 5 

(2% of 1. 

.2% of 


.2% of 


Figure 9 
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As in the charging circuit, the time required for the discharge electrons to 
flow through the resistor is determined by the time constant of the circuit. 
Again, a 63.2% change occurs during each time constant, regardless of the 
initial value of voltage charge on the capacitor. For each succeeding interval, 
the voltage decreases by 63.2% of the remainder. Assuming 100% charge 
at the start, the capacitor discharge for seven time constant intervals is as 
listed in the chart of Figure 9. 


A comparison of the last columns of the charts of Figures 7 and 9 shows 
that the effective voltage during charge, and the remaining capacitor voltage 
during discharge, are identical. Therefore, curve 2 of Figure 3 represents 
not only the circuit current and resistor voltage during charge, but also the 
capacitor voltage during discharge. 


In the circuit of Figure 8, the capacitor is the voltage source. Therefore, the 
resistor and capacitor voltages are equal at all times during the discharge 
period. Curve 2 of Figure 3 represents the resistor voltage. Always propor- 
tional to the voltage causing it, the discharge current has a high initial value 
which then decreases at the same rate as the resistor voltage. Thus, curve 
2 of Figure 3 also represents the discharge current of Figure 8. 


As the capacitor discharges, its voltage, the resistor voltage and the circuit 
current decrease until, at the end of five time constant intervals, the capacitor 
is considered discharged, and Eg = 0, Eg = O and I = 0. 


AC EFFECTS 


In Figure 10A, a resistor and capacitor are connected in series with a source 
of voltage. The source consists of two batteries with a switch, S, arranged 
so that either battery may be connected to terminal X. When switch S is 
connected to battery Ep, terminal X is made positive with respect to terminal 
Y, and when switch S is connected to Ey, terminal X becomes negative with 
respect to terminal Y. 


If the switch is alternately set to one position and then the other, and held 
at each for equal intervals of time, the voltage across points X and Y will 
be as shown by the rectangular curve of Figure 10B. To produce voltage 
Ex, switch S is set to the left and held there during the interval between 0 
and 1 on the time axis of Figure 10B. Then, at time instant 1, the switch 
is thrown quickly to the right to connect the negative terminal of battery 
Ex to X. X is negative during the interval between time instants 1 and 2, 
after which S is returned to the positive terminal of battery Ep, making X 
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positive again. At time instant 3, switch S position is changed again, making 


X negative, and the process is continued for as long as a rectangular wave- 
form voltage is desired. 


With the resistor, R, and capacitor, C, connected in series across terminals 
X and Y, when terminal X is positive, electron flow charges C to the polarity 
indicated in Figure 10A. During the intervals that terminal X is negative, 
the electrons flow in the opposite direction, and C becomes charged to the 
opposite polarity. 


At the beginning of each interval, just after the applied voltage has changed 
polarity, the capacitor discharges completely before it can charge in the 
opposite direction. Then, during the remainder of the interval, the charge 
increases rapidly at first and then more slowly. This causes the capacitor 
voltage to have the form shown by the solid line curve in Figure 11A. The 
slope of the waveform depends upon the circuit RC time. 


If C is completely discharged initially, the capacitor voltage is zero when 
switch S is first connected to Ep, and it then rises rapidly toward the positive 
voltage Ex, as indicated by the dashed line. After time instant 1, when switch 
S is connected to Ex, the capacitor voltage falls rapidly, passes through zero, 
and then increases toward the negative value of Ex. After ensuing time 
instants, this action is repeated in alternate directions to produce the voltage 
waveform shown by the solid line in Figure 11A. 


When the capacitor is charging or discharging rapidly, the circuit current is 
large, but decreases as the capacitor approaches a full charge. Since the 
voltage across resistor R depends on the circuit current, it has the form 
shown by the solid line curve in Figure 11B. The slope of the waveform 
depends upon the RC time. The applied voltage, Ex, is represented by the 
dashed line, and the first time the switch is closed to Ep, at time constant 0, 
the entire applied voltage appears across the terminals of the resistor. As the 
capacitor charges, the current decreases and the voltage across R is reduced 
proportionately, approaching zero as C nears full charge. 


At time instant 1, the capacitor voltage is practically equal to Ep, and the 


resistor voltage has almost decreased to zero. Now switch S is connected to 
Ex, and the battery and capacitor voltages are series aiding to produce a 
very large circuit current. This produces a large negative voltage across R, 
equal to almost twice Ey. This voltage-fatts-rapidly toward zero, and these 
narrow voltage pulses are produced across resistor R with alternate polarities 
as the switch is flipped back and forth. 
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The following Practice Exercise questions cover the subjects which you 
have just studied. They are: 


13. 


14. 


15. 


16. 


17. 
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RC CIRCUITS 


RC TIME CONSTANT 


CAPACITOR DISCHARGE THROUGH A RESISTOR 


How many time constants are required for a capacitor to become fully 
charged or discharged? 


What is the formula for determining the time constant of an RC circuit? 


What is the time required for the capacitor to reach full charge in the 
circuit shown below? 


R= 
1OOka 
Eg + 
200V 7. 
alttey M5 


How does the voltage across the resistor and capacitor in a series RC 
circuit vary as the capacitor charges? 


Does the sum of the voltage drops across the resistor and capacitor in 
a series RC circuit always equal the source voltage? 
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18. 


19, 


20. 


21. 


What happens to the time required for a capacitor to reach full charge 
if the value of R is increased? 


What happens to the RC time constant if the source voltage is increased? 


How does the voltage vary across the resistor and capacitor in Figure 8 
during discharge? 


Assume that R has a value of 10 kQ and C has a value of .25 .F in the 
circuit of Figure 8. Assuming that the capacitor was charged to 250 
volts, what is the capacitor voltage after 3 time constants? How long 
does it take for the capacitor to fully discharge? 


If the RC circuit is replaced by an RL circuit, and switch S manipulated in 
the same manner to produce the rectangular voltage, Ex, across terminals 
X and Y, then the rectangular wave alternating voltage is applied to the 
inductor and resistor in series. Because of the counter emf induced in the 
inductor, the circuit current rises slowly toward maximum after each change 
in polarity of Ex. 


The voltage across the resistor, which is proportional to the current, may 
now be shown by the solid line curve in Figure 11A. This voltage rises 
slowly from 0 toward the positive value of Ex during the time interval from 
0 to 1. During the interval from 1 to 2, the circuit current, and therefore the 
voltage across the resistor, falls quickly to zero and then increases toward 
the negative value of Ex. During each subsequent interval, the action is 
repeated in the opposite direction to produce the voltage waveform shown. 


Figure 11B now shows the voltage waveform which appears across inductor 
L. Near the beginning of each interval, when the voltage is changing most 
rapidly, the back emf is highest and holds the current to a low value. Because 
of the small current at this time, the voltage across R is very low, and 
practically all of the applied voltage appears across L. 


During each interval, a magnetic field builds up around the inductor, and 
when Ex drops from maximum to zero, this field collapses to induce an emf 
which is opposite in polarity to that of the original source. However, at this 
same instant, Ex reverses its pigeay so that the induced voltage now aids 


appears across Te and i is ine to y nearly f twice the Ex NOlsee atcy the-first two > 


or three alternations. a 
ee 


a 


To summarize, when a rectangular shaped voltage is applied, the solid line 
curve of Figure 11A indicates the voltage across a capacitor in series with 
a resistor or else the voltage across a resistor in series with an inductor. In 
Figure 11B, the solid line curve represents the voltage across a resistor in 
series with a capacitor, or the voltage across an inductor in series with a 
resistor. In each instance, the circuit current has the same waveform as the 


voltage across the resistor. Ete ee a 


ne necuey, 


For any single alternation of the applied rectangular voltage in Figure 11, 
conditions are the same as though a direct voltage were applied to the RC 
or RL circuit. The first alternation of Ex causes current and voltage changes 
like those which occur when a dc voltage is applied with no charge on the 
capacitor or no magnetic field around the inductor. The remaining alterna- 
tions produce actions like those that take place when the capacitor is charged, 
or the inductor has a field built up, at the time that the de voltage is applied. 
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The solid line curves of Figure 11 show that neither the currents through 
nor the voltages across the components have the same waveform as the 
applied voltage. In the RC circuit, a period of time is required for the 
capacitor voltage to reach the Ex VOLTAGE each time Ex changes polarity. 
In the RL circuit, the CURRENT requires a period of time to rise to 
maximum after each change in Ex polarity. The solid line curve of Figure 
11A indicates either the gradual rise of capacitor voltage or RL circuit 
current. | 


The universal time constant graph of Figure 3 is shown modified slightly in 
Figure 12. The vertical scale is marked in percent of the total change of 
either voltage or current, and the horizontal scale is marked in time con- 
stants. Curve 1 represents the change in those quantities which begin at 
zero and rise toward maximum. Curve 2 indicates the change that occurs 
in those quantities which begin at maximum and fall toward zero. The var- 
ious quantities which are represented by the curves are as follows: 


—_ 


) a 
24.6.8 | 2 3 4 5 ip 
NUMBER OF TIME CONSTANTS / CURVET I= 
Figure 
12 


RC Circuit, capacitor voltage. 


RL Circuit, resistor voltage and network current. 


\. CURVE 2— 
RC Circuit, resistor voltage and network current. 


RL Circuit, inductor voltage. 


Long and Short Time Constants 


The term “frequency” is defined as the number of cycles of alternating 
voltage or current which occur in one second. This definition applies, 
regardless of the waveshape of the voltage or current. For the waveform 
shown in Figure 10B, the voltage Ey is maximum positive at time instant 0. 
It remains at this value until time instant 1, then changes to maximum 
negative. At time instant 2, Ex returns to maximum positive, completing 
one cycle. If Ex completes 50 such cycles each second, it is said to have 
a frequency, f, of 50 hertz. . 


With 50 cycles occurring in one second, a single cycle is completed in 1/50 
of a second. The time interval of one cycle is called the PERIOD, and is 
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designated by the letter t. The relationship between period and frequency 
can be expressed as: 


ately 3) 


where: t is the period in seconds, and 


f is the frequency in hertz. 


With a frequency of 50 Hz, 


= <5 = .02 second. 


SECONDS 


Therefore, when the frequency is 50 Hz, the period or time required for one 
cycle is two-hundredths of a second. 


A rectangular voltage wave with a period of .02 second is shown in Figure 
13A. The horizontal base line is marked in time units of .005 second each. 
The first alternation of E requires two such time units, or .01 second, while 
the complete cycle occupies four time units, or .02 second. SECONDS 


In Figures 13B and 13C, the horizontal base line is numbered in units of 
.01 second each, and the marks between these numbered units are half of 
01 or .005 each. The period of the voltage cycle in Figure 13B is .05 
second, and the period of each cycle in Figure 13C is .005 second. In these 
instances with the period known, the frequency of the applied voltage is 
determined by: 


bengal 
OM Ol 02.) .03)5 04505 
SECONDS 


t Figure 
Hf 
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For Figure 13B, with a period of .05 second, 


As previously explained, when a rectangular voltage is applied to an RC or 
RL circuit, the shape of the current and voltage waveforms differs from that 
of the applied voltage. The amount of waveform change depends upon 
whether the time constant is short, medium or long, compared to the period 
of the applied voltage. 


Actually, any distinction between short, medium and long time constants is 


arbitrary but, generally, the ice is to consider that a circuit has a short 
time constant if the time constant is =tenth the period of the applied 
Pate —., . SOT Dette 

voltage, or shorter. To be classed as a long time cons ant, the time constant 


must beat leastten_times the period-of the applied voltage. Medium_time 
a as — 
constants are those that fall between these two limits. 


If we know the length of the period for a given input waveform, we can 
predict fairly accurately the output waveform of a given RC or RL circuit. 
As an example, assume that the voltage of Figure 13A is applied to an RC 
or RL circuit that has a time constant of .005 second. In this example, the 
period is .02 second, and the number of time constants per period is 
.02/.005, or 4. The period of the applied voltage is four times as long as 
the circuit time constant, which means that the circuit of Figure 13A has a 
medium time constant. 


For a second example, assume that the voltage of Figure 13B is applied to 
a circuit with a time constant of .005 second. The period in this case is 
OS second, so the number of time constants per period is .05/.005, or 10. 
That is, the period is ten times longer than the time constant, or the length 
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of the time constant is one-tenth the length of the period. This circuit has a 
short time constant for the applied voltage. 


If the voltage of Figure 13C, which has a period of .005 second, is applied 
to a circuit with a time constant of .05 second, the number of time constants 


ye Polity = 
per period is — r= 


005 .1, or the time constant is ten times as long as the period. 


Thus, the circuit has a long time constant for the applied voltage. The 
relationship between frequency and time constants is shown in Figure 14. 


TIME CONSTANTS PER CYCLE 
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This graph gives the number of time constants per cycle for various com- 
binations of signal frequency and circuit time constants. After locating 
the intersection between the diagonal and vertical lines, representing the 
given time constant (t) and frequency, the position of the intersection is 
checked with the scale on the left to determine the number of time constants 
per cycle. 


Figure 14 


For circuits of a given type, the waveform changes depend upon the number _ ™ 
of time constants per period, and not on values o a 


“This means that, regardless 5 the R and C values or R and L oe em- 


effects on the waveform if they have the same number of time constants 


ployed in a particular type of circuit, all circuits of this type produce the same am 


per period. es 
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For simplicity, our previous explanations have assumed sinewave or rectangu- 
lar voltage waveforms of a single or definite frequency. In most electronic 
applications, the signal voltage waveforms are rather complex. Frequently, 
these complex forms may be considered as a combination of several sinewave 
voltages, each of a different frequency. Thus, a single voltage is said to 
contain both low- and high-frequency components. 


According to its effect on the signal voltages and currents, a network is 
classed as either high pass or low pass. Figh-inaueny compe of ake 
which provides greater output for the high-frequency c ts_of the 
Lena MOR ed ee sinewave 
components with frequencies of 1000, 2000 and 3000 Hz, all with the same 
amplitude. If this signal is applied to a high-pass network that is designed 
to pass signals above 2500 Hz, the 3000-Hz component will have greater 
amplitude than the 2000-Hz component at the output of the network. Also, 
the 2000-Hz component will have greater amplitude than the 1000-Hz com- 
ponent. How much the lower frequency signals are reduced at the network 


output is dependent upon the the design c characteristics of the network———> 


A_ LOW-PASS NETWORK is one which provides _a_ greater sr _output for the 
low-frequency components of the-signat. If the above three-component 
signal is applied to a low-pass network fhat is designed to pass signals below 
2500 Hz, the 1000-Hz component will have the highest and the 3000-Hz 
component the lowest amplitudes of the output of the network. 


Thus, both the high- and the low-pass networks cause changes in the relative 
amplitudes of the components of the signals applied to them. These changes 
in component amplitude result in changes in the waveform of the signal 
voltage. 


RC or RL circuits may be employed either as high-pass or low-pass net- 
works, depending upon the connections used. The effects produced by the 


% 1 network, called the RESPONSE. , depend upon the arrangement of ae circuit 
Er . Eo as well < as the: cnumber_ of time constants per. Period: 
A 


HIGH-PASS NETWORKS 


In the arrangement shown, the RC circuit of Figure 15A functions as a 
high-pass network. The input signal voltage, E;, is applied to the capacitor, 
C, and resistor, R, in series, and the voltage across R forms the output 
voltage, Eo. Due to its arrangement, the RL circuit of Figure 15B also 
15 operates as a high-pass network. Here, the input voltage E; is applied to 
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following Practice Exercise questions cover the subjects which you 
just studied. They are: 


AC EFFECTS 


LONG AND SHORT TIME CONSTANTS 


Explain the waveshapes of Figure 11 with respect to the circuit of 
Figure 10. 


Why is the maximum voltage across the resistor twice the value of 
source voltage, as shown in Figure 11B? 


In an RL circuit, when a rectangular source voltage is applied, the 
waveform of Figure 11 represents the voltage across the inductor 
and the waveform of Figure 11 represents the voltage across the 
resistor. 


Why is the voltage across the inductor greater than the source voltage 
when the source voltage reverses polarity, as shown in Figure 11B? 


Suppose you wished to obtain a peaked waveform like that shown in 
Figure 11B from a rectangular waveform. How would you obtain this 
waveform using an RC circuit and an RL circuit? 


What is the period of a 1 kHz voltage? 


How would you define a long time constant and a short time constant 
with respect to the period? 


NETWORKS Q3A 


29. In the circuit shown below, is the time constant long or short? 


. OlpF 


1k 


100 Hz 


30 What is the difference between a high-pass network and a low-pass 
network? 
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resistor R and inductor L in series, and the voltage across L forms the circuit 
output voltage, Eo. 


Response to Rectangular Waves 


When a rectangular wave voltage is applied to the input of either of the 


high-pass networks of Figure 15, the exact _shape of the output voltage de- 
pends upon the circuit_ti ctatiaalinge lore pease 
Figure 16. The dashed line, E,, indiouies The ippat these oer en i 
represents the output, Eo. 


current almost_reaches its final value. = 


Ba, —— 


If the circuit components are selected to provide a medium time constant, 
with each cycle of E; occupying a time interval equal to two time constants, 
the high-pass network has an output voltage, Eo, as shown in Figure 16B. 
Here, with 2 time constants per cycle, each alternation of E, exists for 1 
time constant. The output is greater because, in the RC circuit, the capacitor 
is still charging, and the current through R causes a voltage drop across the 
resistor. In the RL circuit the impedance across L is still large enough to 
cause a voltage drop across the inductor. This is because the resistor voltage 
in an RC circuit and the inductor voltage in an RL circuit fall to about 
36.8% of their initial values during the first time constant. Therefore, as 
shown in Figure 16B, at the end of each alternation, Eo falls to about 36.8% 
of the peak voltage that occurs at the beginning of the alternation. When a 
long time constant is used, the output waveform is like Figure 16C. Here, 
one alternation of E, is equal in duration to only two-tenths of a time con- 
stant. The output voltage only falls to about 78% of its initial peak during 
this relatively short interval. The OUTPUT VOLTAGE WAVEFORM IS 
NOT MUCH DIFFERENT FROM THE INPUT VOLTAGE WAVE- 
FORM. 


For either of the high-pass networks of Figure 15, with a rectangular voltage 
input waveform of a given frequency, any of the output waves shown in 
Figure 16 may be obtained by selecting circuit values to give the desired 
time constant. An important point to remember is that THE RESULTING 


5 Gas ee ee 
OUTPUT FORM DEPENDS UMBER OF TIME 
CONSTANTS PER PERIOD, rather than upon the signal frequency or 
a enti E Matt kk ee 


circuit time constant alone. 
cena ep ET 
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LONG TIME CONSTANT 
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17 


After the first alternation of an applied voltage, the circuit develops a counter. 
emf which adds to the applied voltage. In the RC circuit, this emf is due to 
the charge stored in the capactior, and in the RL circuit it is due to the 
energy stored in the magnetic field around the inductor. Therefore, at the 
beginning of each alternation following the first one, this emf adds to E,, 
making the effective applied voltage larger than E; alone. 


If the ti isshort, a large-quantity_of energy can be stored during 


éach alternation because the capaci maximum voltage in the RC 
circuit, and the current reaches near maximum in the RL circuit. Therefore, 
at the start of an alternation in an RC Circuit such as that of Figure 15A, the 
large capacitor voltage adds to E;, producing a heavy initial current with a 
resulting large voltage across R. At the start of an alternation in the RL 
circuit of Figure 15B, the strong collapsing field induces a large voltage 
across L; and this voltage adds to E;, appearing almost entirely across the 
inductor at this time. 


For both circuits, the output voltage, Eo, has a relatively high value at the 
beginning of each alternation, as shown in Figure 16A. The voltage peaks 
increase for the first few alternations until an equilibrium is reached, after 
which all peaks have the same magnitude. 


If the time constant is medium, there are few time constants per cycle. 
Therefore, the RC circuit capacitor cannot charge to as high a voltage during 
each alternation of E;, and the RL circuit current cannot rise to a high value 
to produce a strong magnetic field about the inductor. The energy stored in 
the network is less and, when added to E; at the beginning of each alterna- 
tion, results in a lower equivalent applied voltage. Thus, as shown in Figure 
16B, at the beginning of each alternation after the first one, the Eo peak is 
lower than in Figure 16A. 


Representing conditions in which there are only 0.4 time constants per cycle, 
the Eo curve in Figure 16C rises slightly above E; at the beginning of each 
alternation. In this case, the alternations of E; are so short compared to the 
circuit time constant that the capacitor in the circuit of Figure 15A charges 
only slightly during each alternation, and in the circuit of Figure 15B the 
current reaches a relatively low value. 


Summarizing the various actions indicated by the curves of Figure 16: when 
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Response to Sinewaves 


When a sinewave input voltage is applied to_a-high-pass_network like Figure _ 


iio 


15A or 15B, the output w ‘waveshape is not | changed. However, the output 


en ee 


voltage, , Eo, has less -ss_amplitude and is ‘shifted in phase, when compared to the 
applied” Voltage, E;. These ‘changes are illustrated in the following text and 
figures for the three different time constants. The solid line curves represent 
the output voltage, Eo, and the dashed line curves represent the applied 


voltage, E;. 


In an RC high-pass filter with a long time constant, the output voltage, Eo, 
is almost as large as the input voltage, E,, and the output is also almost in 
phase with the input, as shown in Figure 17A. With a long time constant, 
Xo will be small, and most of the circuit voltage will be across R, at the 
output. If the voltage drop across the capacitor, Eo, and the voltage drop 
across the resistor, Ep, are added vectorially, as in Figure 17B, the resultant 
vector is equal to the voltage amplitude and direction of the input voltage, 
E;. In this circuit, there is little difference between the amplitudes and 
directions of E; and Ex. The output voltage, Eo, is also the voltage across 
the resistor, Ep. 


The small difference shows that there is little phase shift or amplitude reduc- 
tion of Eo, compared with E;. The vectors also show that the phase of Eo 
slightly leads that of E,. 


In an RL high-pass circuit with a long time constant, X;,, will be large com- 
pared to R, causing the voltage drop across the inductor, E,, to be large 
compared to the voltage drop across thé resistor, Ep, as shown in Figure 
17C. In this circuit, the output, Eo, is across the inductor. Again, Eo is 
almost as large as E;, and Eo again slightly leads E, in phase. 


In Figure 18A, the phase and amplitude relationships between E; and E, are 
shown for a medium time constant high-pass circuit. Eo is now smaller than 
E;, and has greater phase shift. 


The voltage vectors for a medium time constant RC high-pass circuit are 
shown in Figure 18B. The output voltage, Eo, taken across R, is smaller 
because of the greater X, that causes more voltage drop across the smaller 
value capacitor. The vector sum, E;, is also at a greater displacement angle 
from Ey. The output, taken across R, now has less amplitude and greater 
phase shift than in the long time constant circuit. 
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The voltage vectors for a medium time constant RL high-pass circuit are 
shown in Figure 18C. The output, Eo, taken across the smaller inductor, has 
less amplitude and greater phase shift than in the long time constant circuit. 


In Figure 19A, the phase and amplitude relationships between E,; and Eo 
are shown for a short time constant high-pass circuit. Ep is now much 
smaller than E;, and has almost 90° of phase shift. The voltage vectors for 
a short time constant RC high-pass circuit are shown in Figure 19B. The 
output voltage, Eo, taken across R, is quite small because of the large Xo 
of the small value capacitor. The vector sum, E,;, is now greatly displaced 
from the angular direction of Ex. The output, besides being quite small, is 
therefore almost 90° out-of-phase with E,. 


The voltage vectors for a short time constant RL high-pass circuit are shown 
in Figure 19C. The output, Eo, taken across the small value inductor, is quite 
low, and almost 90° out-of-phase with E;. 


_ The difference in amplitude between E,; and Ep in a high-pass network de- 
~? pends not only on the circuit time constant, but also on the size relationship 
between the circuit’s resistive and reactive components. If the capacitor has 
Ae a large value compared to the resistor value, there will be a larger voltage 


2 


An FM receiver such as the one shown above employs a low-pass filter cir- 
cuit called a “de-emphasis network.” This circuit has a time constant of 
75 microseconds and is employed to provide uniform frequency response 
over the audio-frequency range. 

Courtesy H. H. Scott 
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drop across the resistor, resulting in a larger output voltage. In a high-pass 
RL network, if the value of L is large compared to the value of R, more 
voltage will then be dropped across the inductor, again resulting in a larger 
output voltage. 


Comparing the waveforms of Figures 17, 18 and 19 with those of Figure 
16, when E; has a sinewave form, the output Eo has greater amplitude under 
conditions of a long time constant, whereas, when E, has a rectangular wave- 


form, the output peaks have greater magnitude in the case of a-short time 


constant. For either waveform, E, differs the least from_E,; when-the time 
ar naaecen pe ay, SSP ears aaa 
constanf is long. Sasi ct eres 


In the various applications of high-pass networks, the choice of a time con- 
stant depends upon the output waveform, amplitude or _phase~shift-desired— 
Thus, if the voltage-i passed by these networks with minimum change 
or distortion for either rectangular or sinewave input voltages, circuit values 
must be selected to provide a relatively long time constant. Short time con- 


stants are required~when- sharp~pulses~are—desiredor-when a large phase 


shift or reduction in amplitude of a sinewave is needed. 


eran 


LOW-PASS NETWORKS 


With the positions of its R and C components reversed with respect to Figure 
ISA, the circuit of Figure 20A functions as a low-pass network. Again, the 
input voltage, E;, is applied to the resistor, R, and the capacitor, C, in series, 
but now the voltage across C forms the output voltage, E>. Because of the 
rearrangement of components compared with Figure 15B, the RL circuit of 
Figure 20B also functions as a low-pass network. The input voltage, E;, is 
applied to the inductor, L, and the resistor, R, in series, but the voltage 
across R forms the output voltage, Eo. 


Response to Rectangular Waves 


When a rectangular wave voltage is applied to the input terminals of either 
of the low-pass networks of Figure 20, the time constant again determines 
the exact waveform of the output voltage. Three examples are given in 
Figure 21, where the output, Eo, is represented by the solid line curves and 
the input, E;, by the dashed line curves. 


For a circuit with a short time constant, E, has the waveform shown in 
Figure 21A. In this example, one alternation of E, is equal to 15 time con- 
stants. It requires only one-third of this time, or 5 time constants, for the 
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capacitor voltage in an RC circuit or the current in an RL circuit to reach 
what is approximately its final value. Therefore, the Eo curve rises to equal 
the value of E,; in about one-third the time of one alternation. Thus, due to 
its relatively rapid rise, Ej has a waveform which does not differ greatly from 
that of E;. 


For a circuit with a medium time constant, the output voltage waveform 
after a few cycles is as shown in Figure 21B. In this example, the duration 
of each E, alternation is equal to one circuit time constant. Therefore, Eo 
does not rise to the full value of Ey. 


For a circuit with a long time constant, the output voltage waveform after 
a few cycles is as shown in Figure 21C. Here, there are 10 E, alternations 
to each circuit time constant, and the output voltage, Eo, will rise only to a 
small fraction of the input voltage, Ey. 


For rectangular voltages, a low-pass network has an output waveform most 
like the input when the time constant is short, unlike the high-pass network 
in which Eo and E; are most alike when the time constant is long. The 
waveforms are the same ones that are present in high-pass networks. The 
difference in output waveshapes results from the fact that the outputs are 
taken across the opposite components in low-pass networks. The output is 
across the capacitor in a low-pass RC network, and the output is across the 
resistor in a low-pass RL network. 


Response to Sinewaves 


When the input voltage, E;, has a sinusoidal waveform, the low-pass networks 
of Figure 20 have sinewave outputs, but the magnitude and phase of Eo with 
respect to E; depends upon the circuit time constant. 


The effects of different time constants are shown in Figure 22. In Figure 
22A, the curves indicate the difference between E; and E, for a low-pass 
network with a short time constant. For a similar network with a medium 
time constant, the difference between E; and Eo is shown by the curves of 
Figure 22B. A circuit with a long time constant produces the difference 


_ shown by the curves of Figure 22C. Notice particularly how the curves differ 


in both magnitude and phase. 


The large X¢ of the small value capacitor in a short time constant RC circuit 
low-pass network causes a large voltage drop across C. This large voltage 
drop is also the output voltage, since the output of this circuit is taken across 
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C. Here, Eo lags E,;, since in the capacitive circuit of Figure 20A, the capaci- 
tor voltage, Eo, lags the circuit voltage, E;. However, vector addition of the 
circuit voltages shows that a large capacitor voltage vector, Eo, will not be 
much out-of-phase with the vector for Ei. 


For a short time constant RL low-pass network, the small inductance causes 
most of the circuit voltage drop to occur across the resistor. This causes a 
large output voltage, since in this circuit the output is taken across R. The 
large voltage vector of the resistor, Ep, slightly lags the phase of the vector 
of E;, again resulting in a slight phase lag of the output voltage. 


For a medium time constant low-pass network, Eo is considerably less than 
that of E;, and there is a greater lagging phase shift between Ey and E,, as 
shown in Figure 22B. For a long time constant, as shown in Figure 22C, 
the amplitude of Eo is much less than that of E;, with a still greater phase 
shift between Eo and E,. 


What type of low-pass circuit should be used in a given application depends 
upon the waveform change desired. As the curves of Figures 21 and 22 
show, to obtain a minimum of waveform distortion, amplitude reduction or 
phase shift, conditions which provide relatively short time constants are 
required. Circuits which provide | ime constants must be used when it 
is desired_to ) produce triangular waves, or to reduce the amplitude or shift 


eee 


the phase of a sinewave voltage. 


a 


Comparing the actions in the low-pass and high-pass networks, we find that 
the conditions required to achieve minimums of distortion, amplitude, re- 
duction and phase shift when using low-pass networks are the opposite of 
those required for high-pass networks. To obtain these characteristics, the 
low-pass networks require conditions producing relatively short time con- 
stants; however, conditions providing relatively long time constants are re- 
quired for the high-pass networks. When it is desired to produce maximum 
changes of waveforms, reduction in amplitude or increases in phase shift, short 
time constants must be used in high-pass networks and long time constants 
used in low-pass networks. 


FILTERS 


In many electronic applications, only selected bands of signal frequencies 
are used. For such applications, FILTERS are used to obtain the desired 
signals and reject or eliminate unwanted signals. A filter is a selective 
network which passes alternating currents or voltages within a given band-of- 
ee a ee ball tle a9 
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frequencies, and provides considerable reduction 
currents or voltages at other frequencies. 


in the magnitudes of 


If direct current is considered 


an alternating current of zero frequency, then filters also include those 


devices that are employed to pass or reject dc. 


The RC and RL high-pass and low-pass networks 
types of filters. 
shown in Figure 23. 


BASIC LC FILTER 


described previously are 


Other quite common types of filters are LC NETWORKS, 


The basic function of thi of filter is to divide the input voltage into two 
Portions and use one as the output. is action can be more easily under= 


stood if we examine these filters as they are redrawn in Figure 24. The 


input voltage, E;, is applied to inductor L and capacitor C in series. 


The 


difference in the two types of circuits is that the output, Eo, is the voltage 


across capacitor C in Figure 23A and Figure 24A, 


in Figure 23B and Figure 24B. 


and across inductor L 


When there is an increase in frequency of the applied ac voltage, inductive 
reactance increases and capacitive reactance decreases. Therefore, the output 
voltage, Eo, is affected by the frequency of the input voltage, E;. Inductive 
reactance, X;, and Sh ages reactance, Xc, are directly opposing quantities. 


At low frequencies, inductor L has very little reactance, and the reactance 


of capacitor C is quite high. Therefore, the output 


voltage for Figure 24A 


is large since it is taken from across the capacitor, and the output for Figure 


24B is small since it appears across the inductor. 


At high frequencies, in- 


ductor L has a large reactance, and capacitor C has a low reactance. Now 
conditions are reversed; the output is low for Figure 24A and high for Figure 


24B. It turns out, then, that these filters are also 


high- and low-pass net- 


works. Figure 24A is_a low-pass filter and Figure 24B is a high-pass filter. 


For both_circuits, the output voltage, Eo, has relatively large magnitude when 


the component. connected across_the output terminals has large-reactance” 
compared-—with_that. ofthe component that is in series ‘between E; and Eo. 
Thus, for a maximum transfer of signal at a given frequency, X. should be 


large compared with X, in the circuit of Figure 24A, 


in the circuit of Figure 24B. 


and X;, should be large 
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following Practice Exercise questions cover the subjects which you 
just studied. They are: 


HIGH-PASS NETWORKS 


RESPONSE TO RECTANGULAR WAVES 


RESPONSE TO SINEWAVES 


LOW-PASS NETWORKS 


RESPONSE TO RECTANGULAR WAVES 


RESPONSE TO SINEWAVES 


To obtain a peaked waveform from a high-pass filter, compared to the 
period of the rectangular input signal, the time constant should be 
(a) long, (b) short. 


In an RL high-pass filter circuit, across which component is a peaked 
waveform developed when the time constant is short with respect to 
the period? 


To pass a rectangular waveshape signal through a high-pass filter 
without appreciably altering the waveshape, the time constant should 
be (a) long, (b) short. 


When a sinewave signal is applied to a high-pass network, is the wave- 
shape changed? 


Maximum output from a high-pass filter is obtained with a sinewave 
input when the time constant is (a) long, (b) short. 


NETWORKS Q4A 


36. When a sinewave signal is passed through a high-pass network, the 
output signal (a) leads the input signal, (b) lags the input signal. 


37. Draw the circuit diagrams of RL and RC low-pass networks. | 


38. What is the output waveshape of a low-pass RC filter with a long time 
constant when a rectangular waveshape signal is applied to the input? 


39. What is the approximate output waveshape from the circuit shown 
below? 


R=lk 


C 


100 Hz 


40. To obtain maximum output from a low-pass filter with a sinewave 


input, the time constant should be (a) long, (b) short. 


41. What is the phase relation between input and output of a low-pass 
network with a sinewave input? 
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Ep is relatively small when the series-connected component has the larger 
reactance, and therefore, attenuation is greater at high frequencies in Figure 
24A, where X, is large, and greater at low frequencies in Figure 24B, when 
Xo is large. 


Whatever the values of L_and C in a particular. application, they form a 
series-resonant circuit at some frequency, and. when E, is at the resonant 
frequency, the current i ; Nt ; 

reactanice times the current at the resonant frequency, the voltages are. large 
across both inductor and capacitor, and therefore, either type of these circuits 
may be used to provide the greatest signal-magnitude at the 


quency. = 


TYPES OF FILTERS 


To meet the needs of various types of electronic equipment, a large number 
of filter circuit arrangements have been developed. Almost all of these ar- 
rangements consist of some type of RC, LC or LCR network, or a combina- 
tion of such networks. These filters may be classified as low-pass, high-pass, 
band-pass and band-rejection. 


A LOW-PASS FILTER is one that freely passes all frequencies from zero 


up to a certain “cutoff” value, and greatly attenuates all higher frequencies. 


4 HIGH-PASS FILTER is one that rejeets all frequencies from zero up to 
a certain limit but freely passes all higher frequencies. 


A BAND-PASS FILTER is one that accepts all frequencies between two 
limits and attenuates all frequencies above and below these limits. 


A BAND-REJECTION FILTER attenuates all frequencies between certain 
limits, but freely passes all frequencies above and below these limits. 


FILTER CIRCUITS 


Filter circuits usually contain series and parallel elements. The actions of 
these elements depend on the filter arrangements. 
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L-Section Filter 


Figures 23A and 23B are drawn conventionally, but you will notice that, 


in each figure, one component is drawn in series with the upper line. This 


SHU! MPEDA ° 
‘ Soe) Se Ss 


In these figures, the series and shunt impedances form the shape of an 
inverted L. Therefore, the filter is called an L-SECTION FILTER. 


lama ee 


Low-Pass T and Pi Filters 


Notice that, in Figure 25A, two coils, 1% L, are connected in series to form 
the flat top of a “T”’, and the shunt capacitor, C forms the stem of the “T”, 
In Figure 25C, each capacitor, 4 C, forms the vertical stems of the Greek 
letter x (Pi) and the coil, L, forms the flat top. 


The action of the low-pass T and z filters is such that the series inductance 
mma Sie ee ale : I aes 
arms offer low impedance to the low-frequency currents and high impedance 
to the high-frequeéncies, and the shunt capacitors present low-impedance paths 
to the high-frequency currents and high-impedance paths to the low frequen- 


cies. nie ee 


As used in the paragraph above, the expressions “low” and “high” are 
relative terms and have no exact meaning. Therefore, for low-pass filters 
of this type, it is convenient to choose some reference, called the CUTOFF 


_FREQUENCY (f,), below which the desired transmission is obtained, and 


above which the-signals are reduced or attenuated. With a selected cutoff 
frequency, the combined actions of the series and shunt impedances can be 
expressed in terms of the degree of attenuation, relative to the cutoff fre- 
quency, which the entire filter produces at any other frequency. 


A filter like that in Figure 25A has a frequency attenuation characteristic, 
as shown by the curve of Figure 25B. The horizontal scale indicates fre- 
quency, increasing from zero at the left, to above f, at the right. The signal 
amplitude is indicated by the vertical scale at the left. 


Starting at the left, there is no attenuation at frequencies almost up to cutoff 
at f.. Going further to the right, at frequencies above f, the attenuation in- 
creases rapidly at first and then more slowly as higher frequencies are reached. 
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component is called the SERIES IMPEDANCE. The other component-i 
connectéd in parallel, or in shunt with the output circuit is called the 


C 


li) 


Because the filter output reduces as the attenuation increases, the frequencies 
below f, are called the pass or transmission band, and those higher than f, 
form the reject or attenuation band. 


Figure 25C illustrates a pi-section, low-pass filter in which a single inductor 
comprises the series impedance and two capacitors form the shunt impedance. 
The action of this filter is similar to that of Figure 25A, where the series and 
shunt impedances offered to various frequencies are concerned. Therefore, 
the attenuation curve of Figure 25B applies equally well to the T- and pi- 
section low-pass filters of Figure 25A and 25C. 


High-Pass T and Pi Filters 


High-pass T- and pi-section LC filters are shown in Figures 26A and 26C, 
respectively, with their attenuation curve in Figure 26B. In these networks, 
the series capacitors present low impedance to high frequencies and high 
impedance to low frequencies, while the shunt inductors present high im- 
pedance to high frequencies and low impedance to low frequencies. From 
the shape of the reject and pass bands, we see that high-pass filters work 
opposite to low-pass filters. 


RC AND RL FILTERS 


Although LC filters are shown in the high-pass and low-pass circuits of 
Figure 23, RC and RL combinations can also be used. For example, by 
replacing the inductor’ of Figure 23A with a resistor, the circuit remains a 
low-pass filter. Although the resistance of R remains the same, the capacitive 
reactance still reduces with frequency increase. As a result, as the frequency 
goes up, the output voltage goes down; that is, the attenuation increases. 


Similarly, if the capacitor of Figure 23B is replaced by a resistor, the circuit 
still functions as a high-pass filter. Since the inductive reactance increases 
with frequency, the output voltage increases. Consequently, either the capaci- 
tors or the inductors shown in the circuits of Figures 25 and 26 can be 
replaced by resistors, without altering the high- or low-pass characteristics. 


However, when a reactance-is-replaced by a resistor, the difference in atten- 


uation between the pass and rejection band 1s not “as great, andthe band of > 


SERIE arena RY ome 


frequencies “covered ¢ during _ the. _change from pass to rejection is broader. 
Nevertheless, ‘due to light- weight, compactness--and_ economy, resistors ar are 
often used in ‘preference. to.inductors-for—filters of these types. In 1 fact;the 
RC filter is found in most_electronic equipment. 
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APPLICATIONS OF NETWORKS 


It would be impossible to describe here all of the many applications for 
simple high-pass and low-pass networks. However, some of these applica- 
tions are so basic that they are used in practically every type of electronic 
circuit. 


Power Supply Filter 


Figure 27 shows a power supply circuit in which an RC filter reduces the 
variations in the output voltage. Resistor R; and capacitors C, and Cs form 
a low-pass filter, using R; in place of an inductor. The purpose of this filter 
is to attenuate all alternating voltage components and pass only direct volt- 
age. The values of R and C are-dependent on the frequency of the pulsations 


nero 
— 


of the rectifier Tourn This frequency 1 is called the ripple frequency. oe 
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Figure 27 


In the circuit of Figure 27, the filtering may be considered to consist of two 
actions. The first is that in which C, is charged by the conduction of diodes 
D, and Dz in series with alternate halves of the secondary winding of Tj, 
and then discharges through the external load. For the second action, the 
voltage variations across C; are attenuated by Ri and Co, which together 
form an L-type filter. 
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The following Practice Exercise questions cover the subjects which you 
have just studied. They are: 


42. 


43. 


44. 


45. 


46. 


FILTERS 

BASIC LC FILTER 

TYPES OF FILTERS 

FILTER CIRCUITS 
L-SECTION FILTER 
LOW-PASS T AND PI FILTERS 


HIGH-PASS T AND PI FILTERS 


What is a filter? 


In the circuits of Figures 23A and 23B, when is the output voltage 
maximum? 


How does a band-pass filter differ from a band-rejection filter? 


If you desired to attenuate all signal frequencies above a certain fre- 
quency, what type of filter would you employ? 


Identify the series and shunt impedances in the filter circuit shown below. 
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47. Draw T-type and z-type LC low-pass filters. 


48. What is the cutoff frequency with respect to a low-pass filter? 


49. Below the cutoff frequency in a oT iee LC low-pass filter, is X;, high 
or low with respect to X,? 


50. Draw T-type and z-type LC high-pass filters. 
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Figure 28A shows C, without R; and Cy, and resistor Ry, connected across 
the filter output terminals to represent the external load. The rectifier circuit 
supplies the output to C,. When the rectifier is conducting, its total current 
divides so that part charges C, and the remainder passes through R,; to 
maintain the load current. 


For any_given ripple frequency, the larger the RyC, time constant, the greater 


the degree of filtering obtained. However, the value of R; is sometimes fixed 


by the circuits in any given application. Therefore, any increase in the time 


is not required,only the single shunt capacitor,-€;, is needed. However, 
larger load currents or better filtéti quire that the L section, RiC2, be 
added... 2) Eee 


oe 


across the resistance can be allowed to reduce the output of the power supply. 


Since Ry, is fixed by the load circuits, C. must have a large capacitance to 


Attenuation Equalizers 


As explained, a filter is a network which attenuates all frequencies above 
or below the pass band, but provides fairly constant output at all frequencies 
within the pass band. However, few filters or other types of transmission 
networks are capable of providing the degree of constant output required 
for certain applications. Usually, undesired attenuation occurs even within 


the pass band. To compensate for this, a network known as an ATTENU- 


ATION EQUALIZER is employed. Mal TRI 


——— oa 


Assume that a signal having uniform amplitude over the band from 50 to 
10,000 Hz is applied to a circuit which provides an increasing response at 
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Tape recorders employ various equalizer networks to provide uniform fre- ( 
quency response for different tape speeds. 
Courtesy Bell & Howell 


frequencies above 1000 Hz. If uniform, or “flat,” response is desired, it 
may be obtained by inserting an equalizer with an attenuation characteristic 
which rises above 1000 Hz at the same rate as the response of the circuit 
increases. Thus, at any given fre uency, the attenuation of the signal energy 
in the equalizer cancels the undesired increase in circuit response. Tn Sis 


eo SES SA SSPE eS ONEO i 


equally and a uniform output is obtained, which may be amplified to com= 


samen he, OM NA ne rer ech, 
pensate for the losses. 


An attenuation equalizer may consist of any network like those explained 
earlier in this lesson. A modification of one type is shown in Figure 29. 
This equalizer employs an LC type L-section configuration with resistor R 
added in parallel with the series impedance element, L. Resistor, R, main- 
tains a constant impedance, Z, which the equalizer network presents at its 
29 input terminals. In practice, R is made equal in value to the equal impedance ( 


ee 
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of the external input circuit, signal source and the external output circuit, 
or load between which the e eeomecte a nT 


In the circuit of Figure 29, the reactances of coil L and capacitor C are equal 
to each other and also to the resistance, R, at a certain frequency, f.. That 
is, when the applied voltage E, has a ‘frequency T equal to | f., the circuit 
relationships are: X, = X~ = R. From these relationships, it is possible 


to calculate the L and C required to produce a specific attenuation at the 
frequency f,. 


For example: 


x RAS Fe and Xx, — oe - 


but “asiXm=1X, =-R: 


R eat: andins—! 


2nf,C 
Rearranging the terms, 
=JtR 1 } 
aie linge ato Gime RY a1 


to be connected. 


ta emia 


For the circuit of Figure 29, X,, is greater and Xc is less than R at frequencies 
above r while at frequencies below f,, Xi is less and Xe ts greater than. AN 


As the frequency of E; increases, the voltage drop across the series arm L 
becomes greater and that across the shunt arm C becomes less, causing the 


output voltage Ep to fall. Hence, the attenuation of the Signal i increases with 


increasing frequency. 
ON a ee 


For the circuit of Figure 30, the conditions are reversed. As the frequency 
increases, the voltage drop across L becomes greater and that across C 
becomes less, and the output voltage rises because L and C form a high- 
pass filter. 
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Variable Equalizers 


Often it SS RT anes mat os 
from_time to time. For example, two radar sets located close to each other, 


but operating on different frequencies, tend to interfere with each other. 
When this happens, undesirable signals are displayed on the radar indicator 
and tend to confuse the radar operator. To eliminate this interference, it is 
Ri customary to employ a_variable equalizer called an INTERFERENCE 


SUPPRESSOR, two circuits of-which are shown in Figure 31... SS 


C 


i The circuit of Figure 31A consists of an L-section RC low-pass network 
Ro with a variable resistor, Re, in series with the capacitor, C,, in the shunt arm. 
Basically, the R,C; network provides an output, Eo, which decreases in 
amplitude with signal frequency increases, as explained earlier in the lesson 
for Figure 24A. 


: / Resistor Re permits_ reducing the e effect effect of Ci in the circuit. By moving the 
slider to increase the resistance in the circuit, an increasingly larger portion 
of Eo appears across Re, and less and less appears across C;. Since the 

( voltage across a resistor does not vary with frequency, the high eaves 


inthe signal are not attenuated by the resistor much more than the low 


ee nr SE A ES NN 


When the value of Rz is is large compared to X¢,, the he reactance has little atect 
and the circuit may ‘be considered re, ‘Tesistance voltage divider, 1] RiR2, wit “with 
\ Eo taken across 65 pecan as ie 


\ 
a 


B When the slider is moved to reduce the amount of Rg» in the circuit, the 
Figure voltage across ~C; becomes an ‘increasingly larger portion of E,. Since Xo, 
31 varies inversely with frequency, the higher frequency components of Ep now 


are attenuated more than the lows, giving the usual low-pass filter action. 
Thus, by adjusting the Ry» slider, the high-frequency attenuation produced by 
is changed 


the network in Figure 317A is-changed— 
a oe 


Another variable equalizer is the L-section RC high-pass network shown in 
Figure 31B. Here, switch S, selects any one of the three capacitors to form 
the series arm, and resistor R; is the shunt arm. Since capacitive reactance 
varies inversely with frequency, in the circuit of Figure 31B the reactance 
of the series arm is greater for the lower frequency components of E,. 


The amount of attenuation produced by an equalizer of this type is propor- 
tional to the impedance of the series arm. Therefore, fo 


‘the attenuation varies with frequency. Owever, with arene 
eee aan ° 
capacitance values for 3 3, the attenuation is different at any given 


frequency for different cht of Si. ea decrease of signal for oe the fone 


tere, 


Ee 
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The following Practice Exercise questions cover the subjects which you 
have just studied. They are: 


RC AND RL FILTERS 

APPLICATIONS OF NETWORKS 
POWER SUPPLY FILTER 
ATTENUATION EQUALIZERS 
VARIABLE EQUALIZERS 


| y 51. Draw a T-type RC low-pass filter and a z-type RC high-pass filter. 


52. In the circuit of Figure 27, R,, C; and C, form a (a) low-pass filter, 
(b) high-pass filter. 


53. For minimum ripple in the output of the power supply of Figure 27, 
{f J R, and C, should have a:(a) short time constant, (b) long time constant. 
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54. What is the purpose of an attenuation equalizer? 


55. In the circuit of Figure 29 at frequencies below f,, is X;, greater than R? 


56. When the slider on R. is moved upward in the circuit of Figure 31A, 
the high-frequency attenuation is (a) increased, (b) decreased. 


57. The circuit of Figure 31B is basically a (a) high-pass, (b) low-pass filter. 
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SUMMARY 


In this lesson we have considered the effects of RC and RL networks. De- 
pending on the arrangement of the components and the time constant of the 
network, a given RC or RL network has a certain effect on the amplitude, 
waveform and phase shift of a voltage applied to its input. 


By making use of the network characteristics, the shape of the input voltage 
wave can be altered considerably. Also, networks can be used to attenuate 
certain ranges of frequencies, thus acting as filters, attenuators or equalizers. 
The characteristics of networks and the effects on sinewave and rectangular 
input voltages are summarized in the following chart. 
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OLOT 


REQUIRED TIME CONSTANT FOR 


SMALL CHANGE IN OUTPUT LARGE CHANGE IN OUTPUT 


AMPLITUDE (Eg) | WAVEFORM PHASE SHIFT | AMPLITUDE (Eo) 


3 = roa 
a ie a 


NETWOR R Ete MEU 
5 DIBORAM WAVEFORM 


HIGH—PASS | 
RC ET Eo 


LONG LONG 


LONG LONG 


LONG LONG SHORT SHORT 
HIGH—PASS 
RL ET Eo 
ES = oe = = es 
SHORT SHORT SHORT LONG LONG LONG 
LOW-PASS 
RC Ey Eo 
SHORT SHORT SHORT LONG LONG LONG 
LOW-PASS 
RL ET Eo 


SHORT SHORT LONG 


o 
Zz 
ray 
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IMPORTANT DEFINITIONS 


ATTENUATION EQUALIZER — A network designed to attenuate fre- 
quencies which are causing undesired inequalities in response. 


BAND-PASS FILTER — A filter that accepts all frequencies between two 
limits and attenuates all frequencies above and below these limits. 


BAND-REJECTION FILTER — A filter that attenuates all frequencies 
between two limits and passes all frequencies above and below these 
limits. 


CUTOFF FREQUENCY — That frequency at which a filter changes from 
rejection to pass. 


FILTERS — Transmission networks designed to pass a specific range of 
frequencies and reject all others. 


HIGH-PASS FILTER — A circuit which passes all frequencies above a 
certain frequency and attenuates all below. 


HIGH-PASS NETWORK — A network in which the magnitude of the 
output increases with increasing sinewave voltage frequency. 


LC NETWORK — An electric circuit containing inductance and capacitance. 


LOW-PASS FILTER —A circuit which passes all frequencies below a 
certain frequency and attenuates all above. 


LOW-PASS NETWORK — A network in which the magnitude of the output 
amplitude decreases with increasing sinewave voltage frequency. 


L-SECTION FILTER — A filter network in which the series and shunt 
impedances take the shape of an inverted letter L. 


MICROSECOND — A small unit of time equal to one millionth of a second. 
PERIOD — (t) — The time interval of one cycle. 
RESPONSE — The effect which a network or circuit has on a signal at a 


particular frequency or over a band of frequencies. 
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IMPORTANT DEFINITIONS (Continued) 


SERIES IMPEDANCE — In an L-section filter, the component which is in 
series with one leg of the output circuit. 


SHUNT IMPEDANCE — In an L-section filter, the component which is in 
parallel with the output circuit. 


TIME CONSTANT — (T) — The time required for a quantity to change 
63.2% of the total change that will occur. It is equal to the product of 
the capacitance in farads and the resistance in ohms for an RC circuit 
and the inductance in henries divided by the resistance in ohms for an 
RL circuit. 
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ESSENTIAL SYMBOLS AND EQUATIONS 


C Capacitance (farads) 

f Frequency (hertz) 

jks Inductance (henries) 

R__ Resistance (ohms) 

T Time constant (RC or RL) (seconds) 

t— Peron (seconds) 

ieee ley is (1) 
TRE (2) 
So + (3) 
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10. 


11. 


12. 


13. 


14. 


15. 


PRACTICE EXERCISE SOLUTIONS 


A microsecond is equal to one one-millionth of a second (1 x 10-6 sec). 


In an inductive circuit, voltage leads current. 
The current changes by 63.2% in one time constant. 


Five time constants are considered sufficient for a full change of current 
in an RL circuit. 


At the end of 3 time constants, the current has changed 95% from its 
original value. 


The time constant of an RL circuit is T = L/R. 


The maximum circuit current is equal to 150V/500 or 3 amperes. 
The circuit current will reach this value in approximately 5 L/R time 
constants. The value of one time constant is 10/50 or .2 seconds. The 
current will reach maximum in 5 time constants, 5 x .2 or 1 second. 


The time constant is inversely proportional to the value of R. Thus, 
increasing the value of R decreases the length of the time constant. 


When the switch is opened, the magnetic field collapses, inducing a 
voltage into the coil. The coil acts like a source and current flows 
through R, as shown in Figure 5B. The voltage developed across the 
inductor decreases exponentially so that at the end of 5 time constants, 
the induced voltage is essentially zero. 


False — The time constant is inversely proportional to the value of R. 
Thus, decreasing the value of R increases the length of the time constant. 


In a capacitive circuit, voltage lags current. 


When the switch is closed, the circuit current is maximum and the 
voltage drop across the capacitor is zero. 


Five time constants are required for a capacitor to become fully charged 
or to fully discharge. 


The formula for the time constant of an RC circuit is T — RC. 


The time constant of the circuit is T= RC = 1 x 10° x .15 x 10-6 
= .15 X 10° or .015 seconds. Since five time constants are required 
for full charge, the capacitor will reach full charge in 5 x .015 or 
075 seconds. 
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PRACTICE EXERCISE SOLUTIONS (Continued) 


16. 


17. 


18. 


19. 


20. 


22. 


Ss 


24. 


During the first instant of charge, all of the source voltage appears 
across the resistor and the capacitor voltage is zero. As the capacitor 
charges, the voltage across the resistor decreases. At the end of five 
RC time constants the capacitor voltage is equal to the source voltage 
and the voltage drop across the resistor is zero. 


Yes — The sum of the voltage drops across the resistor and capacitor 
always equals the source voltage. 


The RC time is directly proportional to the value of R. Thus, increasing 
the value of R increases the length of the time constant. 


Nothing — The value of source voltage has no effect on the RC time 
constant. 


During discharge, the resistor and capacitor are in parallel and thus 
their voltages are equal. The voltage across the resistor and capacitor 
decreases exponentially for five time constants as shown by curve 2 
in Figure 3. 


Referring to the chart of Figure 9, the capacitor voltage after 3 time 
constants is 5% of the maximum. Thus, the capacitor voltage is 5% 
of 250 volts or 12.5 volts. The value of one time constant is 1 x 10‘ 
ohms < .25 x 10° farads = .25 x 10° or .0025 seconds. Since five 
time constants are required for total discharge, the discharge time is 
5 x .0025 or .0125 seconds. 


The two batteries in Figure 10 provide a rectangular voltage waveform 
when switch S is periodically moved back and forth. Due to the 
resistance in the circuit, it takes some time for the capacitor to charge 
and discharge. As a result, the rise and decay of voltage across the 
capacitor follows the exponential shape of Figure 11A. The voltage 
across the resistor is proportional to circuit current. Since current is 
maximum at the first instant of charge and discharge, the voltage across 
the resistor is initially maximum each time the supply voltage changes, 
and then decreases exponentially, as shown in Figure 11B. 


At the instant the source voltage reverses polarity, the voltage across 
the capacitor and the source voltage are series aiding. As a result, the 
resistor voltage is twice the source voltage. 


B, A — In an inductive circuit, current increases exponentially so that 
the voltage across the resistor follows the waveform of Figure 11A. 
The voltage across the inductor follows the waveform of Figure 11B 
since the induced emf is maximum when the source is charging at its 
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PRACTICE EXERCISE SOLUTIONS (Continued) | 


25. 


26. 


27. 


28. 


29. 


30. 


31. 


32. 


33. 


34, 


35. 


When the source changes polarity, the induced emf aids the source 
voltage, developing a voltage across the inductor which is equal to the 
sum of the induced voltage plus the source voltage. 


The peaked waveform can be obtained across the resistor in an RC 
circuit and across the inductor in an RL circuit. 


The period is found by employing Equation 3: 


1 1 : 
mee IC CE = 1 “3 ° e 
t : Tx 10° < 10° or .001 second 


A short time constant is no more than one tenth the period of the 
applied voltage and a long time constant is at least 10 times the period 
of the applied voltage. 


The time constant is short with respect to the period: 
t= RC = 1x 10° x .01 x 10% 
= .01 x 10° or 1 x 10° seconds. 
to Via 1/1 x10 =.,10-. 


The time constant is therefore 1 x 10° + 1x 10? =1 x 103 or 
1/1000 of the period. 


A high-pass network provides a greater output for high-frequency 
components of a signal while a low-pass filter provides a greater output 
for low-frequency components. 


(b) short.— With a short time constant, the capacitor will charge 
quickly, developing the peaked waveshape across the resistor. With a 
long time constant, the capacitor will not charge much, and the voltage 
developed across the resistor will resemble the input waveshape. 


A peaked waveform is developed across the inductor in an RL circuit 
when the time constant is short with respect to the period. 


(a) long. — With a long time constant the effects of stored energy are 
reduced and the waveshape is not appreciably affected. 


No — The waveshape is not affected. Only the amplitude and phase 


shift is altered when a sinewave is passed through a high-pass filter. 


(a) long — With a short time constant the output amplitude is minimum. 
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PRACTICE EXERCISE SOLUTIONS (Continued) 


36. (a) leads the input signal. — In a high-pass network, the output signal 
always leads the input signal. The lead angle depends upon the time 
constant. A short time constant produces a large lead angle and vice 
versa. 


ST. 


38. The output signal has a triangular waveshape, as shown in Figure 21C. 


39. The output waveshape is close to a rectangular shape, since the time 
constant (T = RC = 1 x 10° x .1 x 10° = .0001 second) is short 
with respect to the period (t = 1/f = 1/10? = .01 second). 


40. (b) short. — With a long time constant, the output amplitude will be 
minimum. 


41. The output signal lags the input signal in a low-pass filter with a 
sinewave input. 


42. A filter is a4 transmission network that passes alternating current signals 
within a given band of frequencies while reducing the amplitude of 
signals outside the desired band of frequencies. 


43. The output voltage is maximum at resonance and also when the com- 
ponent across which the output is taken has a high reactance with 
respect to the reactance of the other component. 
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PRACTICE EXERCISE SOLUTIONS (Continued) 


44. A band-pass filter passes all frequencies between certain limits while 
attenuating all others. Conversely, a band-rejection filter attenuates all 


45. 


46. 


47. 


frequencies between certain limits while freely passing all others. 


You would use a low-pass filter since it passes all signal frequencies 


below a certain limit while attenuating all above the limit. 


ene 
IMPEDANCE 


SHUNT 


ig 


T TYPE LOW-PASS 


vt aaa 


Wo ThYPRE: LOW=PASS 


48. The cutoff frequency in a low-pass filter is the frequency below which 
the desired transmission is obtained and above which the signals are 


49, 


attenuated. 


Below the cutoff frequency, X;, is less than X, so that minimum attenu- 


ation is obtained. 
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PRACTICE EXERCISE SOLUTIONS (Continued) 
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PRACTICE EXERCISE SOLUTIONS—(Continued) 


52. (a) low-pass filter. — A power supply filter is a low-pass filter since it 
must pass the low frequencies (dc) and attenuate the high frequencies 


(ripple). 


53. (b) long time constant. — With a short time constant, the ripple would 
appear in the output. The longer the time constant, the lower the ripple. 


54. An attenuation equalizer is used to compensate for the unequal attenu- 
ation characteristics of the transmission network. 


55. No— Below f,, X. is greater than R and X, is less than R. Above ic, 
X, is less than R and X, is greater than R. 


56. (a) increased. — Moving the slider upward decreases the value of R,, 
thereby increasing the effectiveness of C,. 


57. (a) high-pass — Since the output is taken across the resistor, the circuit 
is a high-pass filter. 
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1. C- WITHIN FIXED INTERVALS OF TIME, THE TIME CONSTANT OF A CIRCUIT IS -- THE RECURRING 
63.2% RISE OR FALL OF CURRENT. 
The length of a time constant is dependent upon the values of the circuit components, 


2. D- FOR FIGURE 1B, IF THE INDUCTANCE L IS 2.4 HENRIES, AND RESISTANCE R IS 300 OHMS; THE 
TIME CONSTANT OF THE CIRCUIT IS -- .008 SECONDS. 
The time constant of an LR circuit is found using Equation 1: 


T = L/R = 2.4/3 X 102 = .8 X 10-2 or .008 second. 


3. C- ANRC CIRCUIT CONTAINS A RESISTOR OF 250,000 OHMS AND A CAPACITOR OF .05 MICROFARAD 
CONNECTED TO A VOLTAGE SOURCE OF 100 VOLTS. THE TIME CONSTANT IS -- .0125 SECOND. 
The time constant of an RC circuit is found using Equation 2: 


T = RC = 2.5 10° .05 x 1078 = 2.5 x 109 5 X 1078 = 12.5 x 1073 or .0125 second. 


4. B- IF THE FREQUENCY OF THE VOLTAGE SOURCE IN QUESTION 3 IS 1 kHz, THE CIRCUIT TIME 
CONSTANT IS -- LONG WITH RESPECT TO THE PERIOD, 

The period of the 1 kHz voltage source is 1/1 X 103 = 1x 107? or .001 second. Since the time constant is .0125 
second, the time constant is twelve and one half times the period. 


5. D-FORRLAND RC CIRCUITS, THE CHANGE IN OUTPUT WAVEFORM DEPENDS UPON -- THE TIME 
CONSTANT OF THE CIRCUIT AND THE FREQUENCY OF THE INPUT SIGNAL. 
The ratio of period (period = 1/f) to time constant determines the output signal waveshape, 


6. A- A HIGH-PASS NETWORK -- PROVIDES GREATER OUTPUT FOR THE HIGH-FREQUENCY COM- 
PONENTS. 
The high-pass filter attenuates the low-frequency components and passes the high-frequency components. 


7. B- INA HIGH-PASS RC NETWORK FOR SINEWAVES, TO ALLOW ONLY A SMALL CHANGE IN THE 
OUTPUT VOLTAGE AMPLITUDE, THE TIME CONSTANT IS -- LONG, 
With a short time constant the output amplitude will be greatly reduced and will lead the input. 


8. A- INA HIGH-PASS RC NETWORK FOR RECTANGULAR INPUT VOLTAGES, TO ALLOW A LARGE 
CHANGE IN OUTPUT VOLTAGE AND WAVEFORM, THE TIME CONSTANT IS -- SHORT. 
With a short time constant a peaked output waveform will result. 


9. D- FOR MAXIMUM OUTPUT IN THE CIRCUIT OF FIGURE 23A, -- XC MUST BE GREATER THAN Xyj,. 
For maximum output, the series impedance Xj, must be less than the shunt impedance XC. 


10. C - IF Ry AND C2 IN FIGURE 27 HAVE A SHORTER THAN NORMAL TIME CONSTANT, -- THE RIPPLE 


_ VOLTAGE INCREASES, 


To provide good filtering action with low ripple voltage, the time constant must be long. 
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All explanations are the same as for 1070C except for those given below, 

2. D- FOR FIGURE 2, IF THE INDUCTANCE L IS 2.4 HENRIES, AND RESISTANCE R IS 300 OHMS; THE 
TIME CONSTANT OF THE CIRCUIT IS -- .008 SECONDS. 

The time constant of an LR circuit is found using Equation 1: 


T = L/R = 2.4/3 x 107 = .8 x 1072 or .008 second, 


9. D- FOR MAXIMUM OUTPUT IN THE CIRCUIT OF FIGURE 21A, -- X— MUST BE GREATER THAN X,.. 
For maximum output, the series impedance X{, must be less than the shunt impedance Xc. 
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EXPERIMENT 4 


RC TIME CONSTANTS 


PARTS NEEDED 


1 - Complete Design Console 1 - 10k, 1/2 W, 20% Resistor 

1 - Multimeter with Test Leads and 1 - 1000 pF, 50 Volt Electrolytic 
Spring Adapters Capacitor 

1 - 4702, 1/2 W, 20% Resistor 5 - Modular Connectors 


1 - 2.2k2, 1/2 W, 5% Resistor 


No, 22 Solid Hookup Wire 


OBJECTIVE 


The time constant of a series RC circuit is equal to the product of Rand C. At 
the end of one time constant interval, the capacitor charges to 63% of the 
available source dc voltage. Thus, at the end of one time constant, the 
capacitor voltage is 63% of the source; at the end of the second time constant 
period, the capacitor voltage is 86% of the source, and so on. In this 
experiment, you will examine the time constant action in an RC circuit and 
compare measured and calculated results, 


PROCEDURE 


I, Set up the circuit shown in Figure 4-1 following the layout of Figure 4-2 (be 
sure to observe the capacitor polarity), The jumper wire marked X is used to 
discharge the capacitor through the 470 resistor. Because of the high value of 
C,, it should not be discharged with a short. The jumper wire marked Y is 
used as a switch to apply voltage to the RC circuit (when jumper X is removed), 


2. Be sure that both jumpers X and Y are NOT in the circuit. Turn on the 

design console, set the low voltage power supply to the 30 volt range and rotate 

the ADJUST VOLTAGE control for a 30 volt output. 3 
sR YX 0 

33 bonieaiate the RC time constant of the circuit of edhe 4- be 


Time Constant = Ry x Cy,= tS seconds 


4, Place your watch or other time piece with a sweep second hand close to 
your meter so you can observe both simultaneously. Connect the multimeter to 
measure the voltage drop across Cj. Pick a convenient starting time, and 
connect jumper wire Y into the circuit. Record the voltage across the capacitor 
at the end of each 10 second interval in the Ec, column in the chart of 

Figure 4-3 (at the instant that the jumper is connected, TIME =0 SEC), You 
might repeat the process several times to check your results. Before each 
new run, disconnect jumper Y and connect jumper X into the circuit for at least 
5 seconds to discharge the capacitor. Be sure to remove jumper X before each 
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RC Time Constants 
measurement run, 


Note: Because of the loading effects of the meter, the capacitor voltage will 
not quite reach the supply voltage. Typically, after 5 time constants, the 
capacitor voltage will be equal to about 29 volts when the source voltage is 
30 volts. 


5. Repeat the process described in Step 4, but instead measure the voltage 
drops across R and record the values in the ER, column in the chart of 
Figure 4-3, Repeat the process several times to verify your results. 


At the time equal to zero (the instant that the jumper Y is placed into the circuit) 
the voltage across the resistor will be the source voltage. The meter pointer 
will not react quickly enough to show this, and thus it is entered in the chart of 
Figure 4-3, 


6. Using the data recorded in Figure 4-3, plot the curves for Ec, and for 
ER, on the graph of Figure 4-4, Label each curve. Your two meets should 
have the general appearance of those shown in Figure 4-5, 


7, Let's see how your measured results compare to the theory of RC circuits. 
At the end of each time constant, the capacitor voltage will be 63% of the 
available source voltage. Remember, the available source voltage is the 
difference between the source voltage and the capacitor voltage, Thus, for the 
5 time constants, the capacitor voltage will be a percentage of the source 
voltage, as shown below. 


\ 


TIME CONSTANT CAP VOLTAGE AS % OF SUPPLY 


1 | 63% 
2 86 % 
3 95% 
4 98% 
5 100% (approx. ) 


8. Calculate the capacitor voltage for each of the time constants and record at 
the top of the next page. Remember, the supply voltage is 30 volts. 
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lst TIME CONSTANT (10SEC) = |%,/ volts 


2nd TIME CONSTANT (20 SEC) 


volts 


3rd TIME CONSTANT (30 SEC) in pOseiia lita 


4th TIME CONSTANT (40 SEC) = ee rotts 
5th TIME CONSTANT (50 SEC)- 30,0 voits 


9. Compare the calculated values of Step 8 to those measured in Step 4. They 
should compare favorably. Differences are due to the tolerances of R, and Cj, 
as well as the effects of the loading of the meter on the circuit. 


10, The time constant is directly proportional to the product of R and C, as 
mentioned earlier, To illustrate this fact, replace R] in the circuit of _ 
Figure 4-6 with a 2. 2 kQ resistor. 0 7 AKL 

yo: J 
Following the general procedure described in Steps 4 and 5, complete the chart 
of Figure 4-6. With the lower value of Rj, the time constant is reduced, and 
thus the voltage changes occur in a shorter period of time, It may be necessary 
to take a reading, record it, remove jumper Y, discharge the capacitor with 
jumper X, remove jumper X, replace jumper Y and time from zero seconds to 
the next time shown in the chart, 


11, Plot the curves for EC, and ER, on the graph of Figure 4-7, using the 
data in the chart of Figure 4-6. Note that, although the time scale is different, 
the curves have the same shape as in Figure 4-4. 


CONCLUSION 


In a series RC circuit, the time constant is equal to the product of R and C. 
When a constant dc voltage is applied to such an RC circuit, the voltage across 
the capacitor increases; and the voltage across the resistor decreases until 

the capacitor charges to the source voltage, The charging action, as a rule-of- 
thumb, takes 5 time constants. At the end of each time constant interval, the 
capacitor charges to 63% of the available source voltage, 
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De VRY INSTITUTE OF TECHNOLOGY 


4141 BELMONT AVENUE, CHICAGO, ILLINOIS 60641 9506-4A 
ONE OF THE EXAMINATION 
CF Bette HOWELL SCHOOLS CHECK SHEET 


1. OC - WHAT IS THE TIME CONSTANT iN A SERIES RC CIRCUIT IF R = 150 k2 AND C = 10 pr? 
-- 1.5 SEC, 
The time constant is equal to the product of R and C; 


T=R XC = 150 kx 10 pF = .15 x 10° x 10 x 107° = 1,5 sec, 


2. D- TO WHAT PERCENTAGE OF THE AVAILABLE SOURCE VOLTAGE DOES A CAPACITOR 
CHARGE DURING EACH TIME CONSTANT? -- 63%. 

During each time constant the capacitor charges to 63% of the available source voltage, which is the 
difference between the capacitor voltage and the supply voltage. 


3. A - AN RC CIRCUIT CONSISTING OF A 20 pF CAPACITOR AND A 250 kQ RESISTOR IS CONNECTED 
TO A 100 VOLT SOURCE. WHAT IS THE VOLTAGE ACROSS THE CAPACITOR AT THE END OF 

10 SECONDS? -- 86 VOLTS. 

The time constant of this circuit is T=RxC=,.25~x 10° x 20 x 1076 = 5 sec, Thus, at the end of 

10 seconds or 2 time constants, the capacitor voltage will be 86 volts. 


4. B - REFERRING TO THE CIRCUIT DESCRIBED IN QUESTION 3, WHAT IS THE VOLTAGE ACROSS 
THE RESISTOR AT THE END OF 5 SECONDS? -- 37 VOLTS, 

At the end of the first time constant, the capacitor voltage is 63 volts; and the resistor voltage is 100 - 63 
or 37 volts, 


5. C - WHAT HAPPENS TO THE TIME CONSTANT IN AN RC CIRCUIT IF THE VALUE OF RESISTANCE 
IS DOUBLED AND THE VALUE OF CAPACITANCE IS HALVED? -- REMAINS THE SAME. 

Doubling the value of resistance and halving the value of capacitance would keep the time constant the same 
as shown below: 


LT = 2RC/2 =RG. 
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The properties of the components used in the high frequency circuits of a television receiver 
are very critical. These components must be carefully selected to provide a good picture. 


Courtesy Zenith Radio Corp. 
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The only hopeless failure is the person who 
has ceased to strive for success. 
—Selected 


RADIO FREQUENCY EFFECTS 
We generally think of RADIO FREQUENCIES as those frequencies_be- 


tween 10* hertz (cycles per second) and 10" hertz. The circuits used for 
radio frequency voltages and currents differ considerably from those used 
for lower frequency voltages and currents. Many effects that are not present 


in de circuits and go unnoticed at lower frequencies become very pronounced 
at radio frequencies. 


Resistance, capacitive reactance and inductive reactance of a circuit vary 
considerably with changes in frequency. Effects such as stray capacitance, 
stray inductance and skin effect which do not affect low frequency or de 
circuits have considerable SHect on radio Tequency GHCuIs—-For crample- 
it is not uncommon to Have a Stray capacitance of 10 picofarads (10 x 10-2 
farads) between two wires in a circuit. At a low frequency of 100 hertz a 
stray capacitance of 10 picofarads has a reactance of about 160 megohms. 
However, at a radio frequency of 100 megahertz the reactance is only about 


160 ohms. This stray capacitance offers a low reactance path at radio fre- 
quencies which would not have to be considered at lower frequencies. 


Like low frequency and dc energy, radio frequency energy can be trans- 
mitted from one point to another by means of wire conductors. However, 
unlike low frequency and dc energy, radio frequency energy can be trans- 
mitted through space without wire conductors in the form of ELECTRO- 
MAGNETIC WAVES. This phenomenon makes radio and television trans- 
mission possible. 


Radio frequency currents and radio frequency electromagnetic energy are 
used for many purposes other than radio and television transmission. Radar 
systems use r-f energy to locate and track aircraft, missiles and satellites. 
Many industries use r-f energy to heat metals, plastics and other materials. 
Doctors use r-f energy for many types of medical therapy. Every day, engi- 
neers and technicians discover many new applications for r-f energy. 


CIRCUIT COMPONENTS AT 
RADIO FREQUENCIES 


Like low frequency circuits, radio frequency circuits are made up of con- 
ductors, resistors, inductors, capacitors, and tubes or transistors. However, 
as previously mentioned, many effects that are not present in dc circuits and 
go unnoticed at lower frequencies become very pronounced at radio fre- 
quencies. 
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Keep in mind that circuit properties are different from circuit components. 
For example, an inductor is a circuit component and inductance is a circuit 
property. An inductor may have considerable resistance and stray capaci- 
tance as well as inductance. In fact, each circuit component has some re- 


RADIO FREQUENCY EFFECTS 


. . * . eue SST LT a ice renee 
sistive, inductive and capacitive properties. Some of the properties are 


unimportant” in” Tov ow frequency cir circuits but have considerable _effc effect on on 
radio fréquency circuits. 

sacred tech ee pa auton 

Conductors 


An r-f current in a conductor produces a changing magnetic field around 
the conductor. While the field is building up and collapsing, the flux lines 
cut the conductor. This action induces a counter emf which opposes the 
current in the conductor. This opposition is called inductive reactance. 


Since inductive reactance is directly proportional to frequency, a conductor 
may have a negligible inductive reactance at low frequencies and a very 
large inductive reactance at radio frequencies. As an example, the leads of 
resistors and capacitors and the internal leads of vacuum tubes have con- 
siderable inductive reactance at radio frequencies. Thus, a careful choice 
of circuit components and a proper circuit layout is needed to keep con- 
ductors as short as possible in r-f circuits. 


With an alternating current in a conductor, the magnetic flux lines originate 
at the center of the conductor and expand outward. They are more concen- 
trated at the center than near the surface of the conductor, and thus the 


counter emf is greater at the center of the conductor than at the surface. 
The -result.of this action is.that current tends to concentrate ate_along the—sur- 


A emacs 


face_of the conductor, and the effective cross 


“area is reduced. Since 
Se ay 


Fannie eae 
the resistance of a conductor is inversely proportional to its cross-sectional 
area, the resistance of a conductor increases at very-high frequencies. This. 


ert a ATS! 


effect is-called-SKIN-EFFECT. 


eee SGT LDS persgene 


A conductor may have a resistance of only a fraction of an ohm for direct 
current. This resistance is referred to as the dc resistance. However, at radio 
frequencies the same conductor may havea Tésistance equal to many times 
the dc resistance. T his difference in the r resistance of the conductor is a 
result of the skin effect. 


Co oe tena ae 


etait aeneeel 


For radio frequencies up to about 2 megahertz, the skin effect may be 
reduced by using Titz co itz conductor is made up of a numbér 


of small diameter;imterwoven, separately insulated strands of wire. Since 


current_can—-pass~along-the-surface of the small wires, a litz conductor has 
a much larger effective surface area than a solid co conductor of equal diameter. 


es 
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Figure 


Wirewound resistors like the one shown above can exhibit inductive proper- 
ties at high frequencies. This can be used to advantage where a combina- 


tion inductor-resistor is needed in a circuit. 
Courtesy IRC Division of TRW, Inc. 


At-trequencics_above 2 megahertz, a litz conductor loses its efestivent 
ee ne ee pe MAMET TOO often 
Strands. For. rf currents above 2 megahertz, large. iameter tubing is Oiten 
used as as a ‘a conductor to keep the skin effect to a minimum. The conductors 


which carry -y large Et Currents ii Tadio transmitters are often an inch or more 
in diameter. Also, since the r-f currents only travel along the surface of the 
conductor, the conductors are plated with a low resistance metal such as 
silver to increase the surface conductivity and reduce the ac resistance. 


Resistors 


Figure 1 is an equivalent circuit of a resistor for radio frequencies. Notice 
that the he resistor has the properties of inductance L and capacitance C,as_well 
as resistance R. The inductance L is due to the connecting leads or pigtails 
at the Tesistor Termimals_andthe-resis hastens NLL itself. ihe sae 
r-f circuit, it, the resistor leads must be kept as short pessible—te—obtain-2 
low inductance. Also, since ee inductance of a Be Adios is erSuoRHiatel to 
‘its length, resistors must be constructed with short resistance elements to 


have low inductances. 


Wirewound resistors much ereater induc 


power dissipation ratings. soiibtines apaciake WAH methods are used to 


wind wirewound resistors which reduce their inductance toa low-value. 


SUES PA St cee 


Serene A eS 
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The windings resulting from these methods are called “non-inductive” wind- 
we ea lie 


manner nc nt 


ings. aeeeeeee on memes 


ee 


Basically, a capacitor is made up of two conductors separated by a dielectric 
insulating material. The capacitance is directly proportional to the area 
of the conductor surface and inversely proportional to the distance between 


the conductors. Thus, any two conductive points separated by an ins ; 
however imperfect, have capacitance between them. erefore, a resistor has 


elements. One way to minimize the capacitance of a resistor is to use small 


Hee ee ITI TUITE Pant ness Deen IDTEnET: aera Tn 
diametér terminals to decrease the end area. 


Referring to Figure 1, notice that the inductance L and capacitance C of 
a resistor form a parallel resonant circuit. At the resonant frequency the 
impedance of the resistor may be considerably higher than the resistance 


ethan 


alone. aR REAM Ont ee See ee 


os, 


Capacitors 


Figure 2 is an equivalent circuit of a capacitor. The resistance R is due to 


the resistance of the capacitor the conne leads, or pigtails, 
and the resistance effects of the dielectric._The resistance effects of the 
dielectric_are called dielectric losses. Capacitors which use air or vacuum 


as a dit tric have the smallest dielectric losses. The inductance L is due 
to_the-inductance of the connecting leads and the plates of the capacitor. 
Notice that the induc and capacitance form a series resonant circuit. 

capacitor, the capacitive reactance is greater than the inductive~reactance. 
Thus, at low frequencies _a_capacit e represented as a resistance and 
capacitance in series. However, at frequencies above resonance the inductive 
reactance-is-greater than the Capacitive reactance. The capacitor then acts” 
like an inductance in series with a resistance.Tubular_paper capacitors 

usually | Have a larger inductance than other types of capacitors. 


Figure 


ren enseenyereyenyy marten tect 


The leakage resistance of a capacitor may be represented as a resistance 
connected across the capacitor. However, the leakage resistance of all but. 


electrolytic Capacitors is usually so high that_it lected for most 


practical purposes. 


or men et 


Inductors 


Basically, an inductor is made up of a conductor wound in the form of a coil 
to concentrate the magnetic field in a relatively small area and increase the 
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\ 
“> circuit. To avoid this problem, various coil winding methods have been 


self inductance. ae ie iS by an equivalent circuit 
like that of a Se a nent The values of L, C-ant-R-are, 
of course, ‘much different for an inductor than for a resistor. The resistance 


eres, 
of the inductor is due to the resistance of the conductor used to wind the 


inductor. € éct is especially important in an ‘inductor “since: it 
Se SCE TN 

caulses~the- an inductor ee ie seats times Gc, than the 

dowresistance, a), i) 


Seertecsoresioses 


eee seg 


The capacitance of the inductor i is the result of the many small capacitances 

between | the turns oO is capacitance is called DISTRIBUTED 

CAPACITANCE because it 1s distributed along the length of the inductor. 
Sa era Li ee rn ee 


The inductance and distributed capacitance of an inductor form a parallel 
resonant circuit. Thus, at frequencies below resonance the capacitive reac- 


tance is larger than the inductive reactance, and the indu like 


inductance in sériés with a resistance. 7 requencies above resonance the 
inductive. reactance is greater than the capacitive reactance, and-the-inductor 


acts like a capacitance it Ww) a Darallenyrtwer sistance. 


“As in_any parallel resonant circuit, there-is—an—inerease_in_ impedance at 


frequencies near resonance. “Thus, a circuit may no erate properly if 
the MST frequency is near the resona or in the 


developed to reduce the distributed capacitance to a minimum. With a very 
small distributed capacitance, the resonant frequency of the inductor is far 
above the frequency of the applied signal. Under these conditions, the coil 
functions as an inductive reactance as desired. 


In other applications requiring resonant circuits, the resonant circuit may be 
made up of an inductor and its distributed capacitance. This not only elimi- 
nates the need to reduce the distributed capacitance of the inductor, but 
also permits a savings in size and cost since only one component is required 
to make up a resonant circuit. 


Resistance dissipates energy in the form of heat, while reactance returns its 
absorbed energy to the circuit without loss. Thus, in an inductor, the loss 
of energy is proportional to the effective resistance. The ratio of the reactance 
to the effective resistance of an inductor is an indication of the efficiency of 
the inductor. This ratio is referred to as pester ame the inductor. 
The higher the value of Q, the higher the e ciency | of the inductor. In the 


eet nent ny ect AA LT TTC eC 
ronnie ne 


form of an equation: en 
Xi 
Shak (1) 
R \ 
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where Q is the quality, 
X, is the inductive reactance in ohms, and 


R is the effective resistance in ohms. 


This manner of expressing inductor efficiency is convenient because both the 


> nnn 
eee reactance and the effective resistance _increase_with frequency. 
us, Q may be ‘fairly constant over the range of frequencies for which 


beauancion fom is.desioned.tO Operates ints ent dade an jist lo sav) a 


For many applications it is desirable that the Q of an inductor be as high 
as possible. This can be done by constructing the inductor so that the 
inductance is large in relation to the resistance. The inductance can be in- 
creased by using special types of windings and iron cores. The effective 
resistance of an inductor can be reduced by the same methods used to 
reduce skin effect in a conductor. That is, the effective resistance of an 
inductor can be reduced by using litz conductors, large diameter conductors, 
and by silver plating the conductors. 


A UHF television tuner like the one shown above makes use of both 
lumped and distributed constants in the tuned circuits. 
Courtesy Oak Manufacturing Co. 


Distributed Constants 


i) In many radio frequency circuits the inductance, capacitance, and resistance 
may not be LUMPED in individual components but instead may be DIS- 
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TRIBUTED over a large area like the distributed capacitance of an inductor. 
The resistance, capacitance and inductance of a circuit are known as con- 
stants, as opposed to variables such as the instantaneous values of a signal 
current and voltage. If the resistance, capacitance and inductance are lumped 
in individual components they are called LUMPED CONSTANTS, wherea CONSTANTS, whereas 
if they—are~dis ributed over a larger area they are called DISTRIBUTED 


CONSTANTS. ———— Amaia: 


One type of circuit in which the circuit constants stants_are distributed instead of 
. . [seas 

lumped~in- individual components is the tra ine. Transmission 

lines are used to transmit electric energy from a source to a load such as 


from a transmitter to an antenna. 


One of the simplest forms of transmission line is made up of two conductors 
separated by spacers to maintain a constant spacing between them. Two 
parallel conductors like this have a certain capacitance and inductance per 
unit length. If this capacitance is 1 picofarad per inch, for example, a 10 
inch length of this type of transmission line has a capacitance of 10 pico- 
farads. Since a transmission line has inductance as well as capacitance, a 
length of transmission line can be used as a resonant circuit. 


Two important advantages of using transmission lines or distributed con- 
stants instead "GF TWhiped constants Torte crenr eine ater CIV 
“easier. fo  OOtaHi elnequired analy a eaeaRnR Ee aeay ne 
for very high resonant frequencies and _(2) resonant transmission lines have 
much higher values of Q than can be obtained with lumped constants. 
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following Practice Exercise questions cover the subjects which you have 
studied. They are: 


CIRCUIT COMPONENTS AT RADIO FREQUENCIES 
CONDUCTORS 
RESISTORS 
CAPACITORS 
INDUCTORS 
DISTRIBUTED CONSTANTS 


It is desirable to keep all connecting leads as short as possible in r-f 
circuits. True or False? 


Due to the skin effect, radio frequency currents tend to concentrate 
(a) in the center of a conductor, (b) along the surface of a conductor. 


Which is greater, the dc resistance or the ac resistance of a conductor? 


Name two types of conductors used in r-f equipment to keep the skin 
effect to a minimum. 


In r-f circuits, wirewound resistors are preferred over composition 
types. True or False? 


At what irequency is the impedance of a resistor greater than the dc 
resistance? 


Under what condition does a capacitor act like an inductance in series 
with a resistance? 


What would be the disadvantage of using tubular paper capacitors in 
r-f circuits? 


What is the source of the distributed capacitance of an inductor? 


How should the natural resonant frequency of an inductor compare 
to the applied signal frequency to obtain the desired value of inductance 
in an r-f circuit? 


Assume that you know from experience that a section of a radio re- 
ceiver requires a parallel tuned circuit for proper operation. However 
in checking over a radio receiver of this type, you notice that there is 
no capacitor connected across the inductor in this section and yet this 
section of the receiver is operating properly. How can you account 
for this? 


RADIO FREQUENCY EFFECTS Q1A 


12. If an inductor has a reactance of 3000 ohms and an effective resistance 
of 100 ohms at a certain frequency, what is the Q of the inductor at 
this frequency? 


13. How does the use of an iron core affect the Q of an inductor? 


14. Give two advantages of using a section of a transmission line instead 
of lumped constants to form a resonant circuit at high radio frequencies. 
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THE ELECTROMAGNETIC SPECTRUM 


Radio frequency electrical energy can be transmitted over wires like low 
frequency energy. Unlike low frequency energy, however, it is also practical 
to transmit radio frequency energy through space in the form of electro- 
magnetic waves. Electromagnetic waves are a form of energy which propa- 
gates itself through free space at a speed of about 300,000,000 meters per 
second or 186,000 miles per second. 


Radio waves, x-rays, and light waves are all forms of electromagnetic energy. 
The main difference in these forms of energy is their frequency. The chart 
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of Figure 3 shows the various classifications of electromagnetic energy accord- 
ing to frequency. The band of electromagnetic waves shown in Figure 3 is 
referred to as the known electromagnetic spectrum and covers the wide range 
of frequencies from 10 hertz to 10”* hertz. 


The various classifications in Figure 3 represent bands of frequencies. For 
example, the commercial AM broadcast band extends from 535 kilohertz 
through 1605 kilohertz, and the complete television band extends from 54 
megahertz through 890 megahertz. Various smaller bands are used for 
commercial FM radio and other services. 


The. lower_frequency_electromagnetic_waves—fromthe-lower_limit through 


microwaves are _known as tadio waves. They are generated-most-often_by 
Ye ta generated ee er etiate Frequencies, from infrared to 
X-rays, are-generated_b ovement of molecule 

-of electrons within atoms and molecules. Gamma_trays—are- FE, 
changes in the-strueture Of atomic nuclet= Cosmic_rays ar e 


conversion of matter to energy, as in a nuclear reactor, but there-is-much 
peep ewer EEN 
about this conversion Which is unknown at present. 


Although electronics is involved in the generation and control of all forms 
of electromagnetic energy, this lesson deals primarily with radio frequency 
electromagnetic energy. In the United States the use of the radio frequency 
spectrum is carefully controlled by the Federal Communications Commission 
(FCC). In Canada the Department of Transport (DOT) performs this func- 
tion. Other countries have similar regulating agencies. Warious interna- 
tional conventions and committees help prevent radio services of one country 
from interfering with those of another. 


One of the main functions of the FCC is to allocate, or assign, frequencies 
for the various services including government, public safety, industrial, radio 
broadcasting, television broadcasting, navigation, amateur, and scientific and 
medical equipment. It is becoming increasingly difficult to provide these many 
services with adequate frequency bands within the available radio spectrum. 
However, increasing use of higher frequencies in the microwave region are 
easing this difficulty. Research indicates that even higher frequencies in the 
vicinity of light waves may be used in the near future for services now using 
radio waves. 


WAVELENGTH 


As shown in Figure 3, electromagnetic energy can also be classified according 
to WAVELENGTH. The wavelength of an Seep IS wave is the dis- 
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tance traveled by an electromagnetic wave during the time of one cycle. This 
is equivalent to the distance between two corresponding points on neighboring 
cycles. For example, Figure 4 is a graph of two cycles of electromagnetic 
energy at some instant of time. Distance is plotted in a horizontal direction 
and intensity is plotted in a vertical direction. 


At the instant of time shown in Figure 4, the positive peak of cycle 1 is at Tae 
point B and the positive peak of cycle 2 is at point A. However, these waves 

are moving to the right at the speed of light so that one cycle of time later 
the positive peak of cycle 2 will reach point B. Thus, the distance from 
point A to point B is equal to one wavelength. The length of a wave in 
meters can be found by the following equation: 


INTENSITY 
| 
| 
| 
' 
! 
' 
| 
| 
| 
| 
| 
| 
| 
| 
i} 
i 
1 
I 
| 


CYCEE V2 CYCEES| 


DISTANCE 


. a. 
f 300,000,000 
A(m) = earn (2) i igure 


where f is the frequency in hertz, and 


i is the Greek letter lambda, with A(m) representing the wavelength 


a) in meters. 


| Wavelength can also be expressed in terms of feet since one meter is approx- 
imately 3.28 ft. 


984,000,000 
r ft.) = seal ¢ tae (2a) 


where f is the frequency in hertz, and 


d (ft.) is the wavelength in feet. 


Notice that frequency and wavelength are inversely proportional. If frequency 
is doubled, wavelength is halved; if frequency is tripled, wavelength reduces 
to one-third; etc. 


Referring to Equation 2, notice that a frequency of 1,000,000 hertz, near 
the center of the AM broadcast band, has a wavelength of 300 meters. A 
frequency of 100,000,000 hertz, near the center of the FM broadcast radio 
band, has a wavelength of 3 meters. Since the wavelength determines the 


length of the antenna seid ip Re a ey 
magnetic wave, FM broadcasts can be efficiently transmitted and received 

L) with much shorter antennas than~AM-broadcasts. Note, this is due-onty to 
the differences in frequency, and-is not dependent upon the characteristics of 
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AM or FM transmission. Also, the various radio frequency effects, such as 
skin effect, distributed capacitance, and lead inductance described previously, 
are much more pronounced in FM radio circuits than in AM radio circuits. 
Thus, the component layout and wiring is much more critical in an FM 
receiver due to the frequencies involved and not due to the type of trans- 
mission. 


PROPAGATION OF RADIO WAVES 


When an r-f voltage is applied to a transmitting antenna, radio waves of the 
same frequency are radiated away from the antenna in much the same way 
that waves travel away from a disturbance on the surface of a pond. These 
radio frequency radiations are a type of electromagnetic wave. _Electromag- 


netic waves are made up of electric and magnetic fields at right angles to 
each—other_and at right an les_to n of propagation or motion. 
du ee 


Figure 5 shows a number of instantaneous cross sections of a radio wave 
being radiated from a transmitter antenna. The dashed lines represent the 
magnetic flux lines, and the short, solid lines at right angles to the dashed 


lines represent the electric lines of force. As a eae te 
of the electric-and— magnetic_fields_reverse_with each a alternation of the r-f 
voltage. applied-to_the anter antenna. 

Pere ee 


TRANSMITTING 
ANTENNA 


ae 
LINES OF 
FORCE 


MAGNETIC 
LINES OF 
FORCE 


Figure 5 


The propagation of the electromagnetic field depends on the fact that 
moving electric field produces a magnetic field and, conversely, a_moving 


magnetic field-produces an electric field. Thus;—an- ic field creates a 
new ich in turn creates a new electric field, and so on. 
The creat litt € e parent field, so t at the 


electromagnetic wave propagate ace_at the s t, 
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about 300,000,000 meters per second or 186,000 miles per second in a 
vacuum. The difference between the speed of light in a vacuum and in air 
is negligible for most practical purposes. 


The Dipole Antenna 


To radiate radio waves efficiently we must use a properly designed antenna. 
Figure 6 shows the operation of a common type of antenna known as a 
DIPOLE. The antenna is made up of a length of wire cut in half and con- 
nected to the terminals of an r-f generator which represents the output of a 


transmitter. The length of the dipole and the frequency of the generator are 
selected so ee half of the | wire _is_ one-quarter he - 


The electric and magnetic fields around the antenna are continually changing, 
but there are several points in the cycle at which we can easily determine 
their direction and relative magnitude. 


In Figure 6A, the right terminal of the generator is at its maximum positive 
value and the left terminal is at its maximum negative value. The two halves B 
of the dipole act like the plates of a capacitor. Since like charges repel and 
unlike charges attract, the right half of the dipole has its maximum positive 
charge and the left half has its maximum negative charge. There is no 
current in the antenna at this instant since it now acts as a fully charged 
capacitor. Due to the difference in potential between the two halves of the 
antenna, an electric field is present around the antenna and the direction 
of the electric_li lines | of fe force is from positive to negative, as indicated in the 


ars 


field around | the antenna. a 
aS ae ee ete 


ee 


As the generator voltage decreases to zero, electrons flow from left to right 

in the wire to neutralize the charges on each half of the dipole. One-quarter Figure 
of a cycle later this displacement current is at its maximum value and the § 
generator voltage is zero. Figure 6B shows this phase of the cycle. Since 

the generator voltage is zero, there is no electric field around the antenna. 

However, since the current is maximum, the magnetic field around the wire 


is maximum ent € direction indicated in the figure. The arrowheads on 


the w the direction of the electron flow at this time. 


During the remainder of the cycle, the generator voltage increases to a 
maximum of the opposite polarity and again decreases to zero. The electric 
field builds up to a maximum in the opposite direction, as shown in Figure 
6C, and then decreases with the voltage. The current decreases to zero and 
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then builds up to a maximum in the Opposite direction. There is no magnetic 
field when the current is zero, but as the current builds up in the opposite 
direction, the magnetic field also builds up to a maximum in the opposite 
direction, as shown in Figure 6D. 


Figure 6 is only correct for static conditions, since it indicates that the 
electric and magnetic fields completely disappear during each alternation. 
Actually, the charges and currents are both changing at the frequency of 
the generator. If the generator had a very low frequency, Figure 6A through 
6D would still apply fairly well. The electric lines of force would slowly 
build up while the ends of the antenna were being charged, would slowly 
collapse back into the antenna while the charges were being neutralized, and 
then would slowly build up again in the opposite direction while the antenna 
was being charged to the opposite polarity. Similarly, the magnetic flux 
lines would slowly build up while the current was increasing, would slowly 
collapse back into the antenna while the current was decreasing to zero, and 
then would slowly build up again in the opposite direction as the current 
increased in the opposite direction. 


At radio frequencies the charges and currents change so rapidly that the 
electric | and—magnetic fields do-not—have—time to completely collapse_back 
into the antenna before new fields build up-and-push appreciable-portions-of 


the old fields away from the dipole as electromagnetic radiation. = 


The electromagnetic energy radiated into Space from an antenna is known 


as the ATION FIELD. The electric and magnetic fields which collapse 
back into the antaana mre ERS the INDUCTION FIELD—The strength 
of the radiation — field_varies inversely with the distance _from_the antenna. 
The amplitude of the induction field, on the other hand, varies inversely as 
the square fe) istance. Thus, the effect of the induction field is confined 


to distances~a few wavelengths fromthe antenna: 


te ST 


As a radiated electromagnetic field passes through a conductor, some of the 
energy in the field produces an alternating current in the conductor having 
the same frequency as the electromagnetic radiation. Thus, an r-f current 
applied to a transmitting antenna can produce a similar r-f current (of much 
smaller amplitude) in a receiving antenna at a distant location. The charac- 
teristics of transmitting and receiving antennas are similar, so that a good 
transmitting antenna is usually a good receiving antenna. 


Polarization 


The term POLARIZATION is us describe the direction of the electric 
and magnetic fields in an electromagnetic wave. The direction of potarizatio 
acaba Ss NE a hip etek ore 
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The antenna system shown above is designed for tracking 
weather satellites. The antennas are circularly polarized 
since the signals transmitted by the satellites are circu- 
larly polarized as a result of their rotation. 


of_an electromagnetic wave_is s_the Sa 
electric field of the wave. Thus, the electromagnetic energy of Figure 5 is 
vertically polarized because the electric lines of force are aligned in a vertical 


direction. If the fields of Figure 5 were rotated 90° so that the electric lines 
of force were aligned in a horizontal direction, the electromagnetic energy 


would be horizontally polarized. Under certain conditions, high-frequency 
radio waves C ircularly polarized. That is, the fields of the wave rotate 


—they are vertical at some instants and horizontal at others. 


The term polarization is also used to describe antennas. Horizontally polar- 
ized antennas radiate horizontally polarized waves, and ‘Vertically polarized 
antennas radiate—verticalty potarized—waves. The ee epee te 
ee ee 
radiates horizontally polarized waves, a antenna that is mounted ver- 


om . a inal eet ON tN a a 
ticalty radiates vertically polarized waves. 
2 So I ee mane Cnn: 


Polarization is important because some r-f energy is lost when the polarization 
of the receiving antenna does not correspond to that of the electromagnetic _ 
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energy:~Therefore, if the electromagnetic energy is horizontally polarized, the 
receiving antenna should also be horizontally polarized. 


Reflection, Refraction and Diffraction 


You are familiar with the REFLECTION of light by mirrors and other bright 
objects. The reflection of radio waves from a solid object is very similar to 
the reflection of light waves. This is to be expected because they are both 
electromagnetic radiations. This effect makes radar possible. In a radar 
set, the time required for a pulse of electromagnetic energy to reach an object 
and be reflected back to the radar set indicates the range or distance of the 
object from the antenna. 


A radio wave produces currents in the object it strikes. These currents act 
like sources of electromagnetic energy and retransmit the original electro- 
magnetic wave. Since the reflection of radio waves depends on this production 
of current in the reflecting object, good conductors make better reflectors than 
poor conductors. 


You may have noticed that light waves bend as they pass from air to water 
or water to air. If you place a pencil in a glass of water, the pencil will 
appear to bend at the surface of the water. This is the reason it is necessary 
to aim below the target in spearing fish and in similar sports. This effect 


Charged layers of air in the upper atmosphere have different properties than 
the air at the earth’s surface. These charged layers of air are called the 
IONOSPHERE and exist from about 70 miles to about 200 miles above the 
earth’s surface. Radio waves Passing into the ionosphere may be refracted 
and bent around enough to return to earth. Thus, radio waves can be reflected 
from the ionosphere in much the same way that they are reflected from solid 
objects. Radio waves reflected from the ionosphere reach the earth at long 
distances from the transmitter and make long-range, short-wave communica- 
tion possible. The characteristics of the ionosphere vary with the time of 
day, the season of the year, and with the amount of sun spot activity, which 
in turn varies over a cycle of about 11 years. 


Although mountains and other large barriers in the path of radio waves 
create radio “shadows”, a small amount of the radio wave maybe bent into 


the shadow zone by an effect called DIFFRACTION. 
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The diffraction of radio waves is less pronounced _at high frequencies than at 
lo Tequeeie—Eherefore radar UE rao wats of very high eguenis 
so that Most of the waves iravel to the target and are reflected-from the target get 
in st “straight lines. If the Waves were diffracted around the target, they would 


also be—reflected—by objects in the shadow zone, and the reflected signal 
received at the radar set would give an inaccurate indication of the range. 
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Ground Waves, Sky Waves and Direct Waves 


The portion of a radio wave that travels along the surface of the earth is 
called the-GROUND WAVE.—The portion of the wave that is radiated Ci) 
any angle greater than the horizontal is called SKY WAVE. Radio waves 
that travel between sen a transmitting antenna anda receiving antenna without 
being affected by either the ground or the upper atmosphere are called 
DIRECT WAVES. 


SESE GRAAL A eet a el aR OE 


IONOSPHERE 


Terenas oS a eons 
= Dues ces 


= 


GROUND 


Figure 7 


Figure 7 shows the ground waves and sky waves radiated by a transmitting 
antenna. The ground wave e cannot travel far from the antenna before it is 


absorbed by the earth. Due to PR losses, low conductivity areas : such as dry, 


rocky, and sandy earth absor ore energy than highly. -conductive areas 
such as wet earth and salt water. The earth also absorbs horizontally polar- 


ized ground ‘waves much more quickly than vertically / polarized waves. Thus, 


eee nn ae 


coverage us use vertical polarization. FM and TV stations, on the other hand, 
depend on direct Waves and _use_ horizontal polarization. = 


The sky wave travels upward through the atmosphere until it reaches the 


ionosphere. There, dependin on the frequency of the wave, the character- 
istics of the_ionospher angle > at Which the-Wave strikes 


the ionosphere, the wave-may-pass-into-the_upper atmosphere or be reflected 
back to earth. If the wave returns to the earth, it may be absorbed or reflected | 


again by the earth’s surface. The choice of the proper frequency for long- 
distance, sky-wave transmission is critical and must be carefully chosen. 
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The following Practice Exercise questions cover the subjects which you have 
just studied. They are: 


15. 


16. 


17. 


18. 


19. 


20. 


2A; 


22. 


23. 


24. 


THE ELECTROMAGNETIC SPECTRUM 
WAVELENGTH 
PROPAGATION OF RADIO WAVES 
THE DIPOLE ANTENNA 
POLARIZATION 
REFLECTION, REFRACTION AND DIFFRACTION 
Radio frequency electrical energy and low frequency electrical energy 
can both be transmitted over wires. Which of these forms of energy 
can also be transmitted through space in the form of electromagnetic 


waves? 


Which of the following is a form of electromagnetic wave? (a) light 
wave, (b) sound wave, (c) water wave. 


Electromagnetic waves are classified according to what two char- 
acteristics? 


The distance traveled by an electromagnetic wave during the time of 
one cycle is called a 


An antenna for an AM broadcast station is designed to be 12 wave- 
length long. If the station frequency is 1.5 megahertz, the length of 
the antenna is (a) 112 meters, (b) 100 meters, (c) 1.5 meters, (d) 
300 meters. 


If the frequency of an electromagnetic wave increases, its wavelength 
(a) increases, (b) decreases, (c) remains the same. 


In which type of radio receiver is the wiring and component layout 
more critical—AM or FM? Why? 


In an electromagnetic wave, what is the relationship between the 
directions of the electric and magnetic fields and the direction of motion? 


In a radar set, a pulse of electromagnetic energy requires 1 millisecond 
(.001 second) to travel from the radar set to a target and back to the 
radar set. How far has the energy traveled and how far is it from the 
radar set to the target? Give both distances in miles. 


What fundamental law of electricity causes electrons to flow in a dipole 
antenna when a source voltage is applied to it? 
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26. 


27. 


28. 


29. 


30. 


31. 


32. 


The electron flow in an antenna produces a magnetic field. True or 
False? 


Why is Figure 6 incorrect for radio frequencies? 
What factor must be taken into consideration in making field strength 
measurements of the radiation field within a few wavelengths of the 


antenna? 


The polarization of an electromagnetic wave is the same as the direction 
of the (a) electric field, (b) magnetic field of the wave. 


For best reception, if a transmitting antenna is horizontally polarized, 
the receiving antenna should be (a) vertically polarized, (b) horizontally 
polarized. 


Steel rods in a concrete wall reflect radio waves better than concrete. 
True or False? 


How does the ionosphere affect radio waves? 


Is diffraction more pronounced at high frequencies or at low frequencies? 


(i 
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Various organizations publish charts, based on the predicted characteristics 
of the ionosphere, which indicate the proper frequencies to use according to 
the time of day, year, and sun spot cycle. 


Frequency and Propagation 


The effects of reflection, refraction and diffraction depend to a large extent 
on the frequency of a radio wave. — ample, reflection from solid objects 
{sm nounced at higher encies whereas diffraction is more pro- 
nounced at lower frequencies. tee let 


Figure 8 shows a table of a common classification of radio waves. Notice 
that the upper limit of each band after the first is 10 times its lower limit. 
Each band has slightly different propagation characteristics although there 
is no sharp distinction between any adjacent band. 


IN DESIGNATION ABBREVIATION 
KILOHERTZ 


3x105-3x10 ” SUPER-HIGH FREQUENCY 
EXTREMELY-HIGH FREQUENCY 


3xio0/-3x108 


Figure 8 
The Very-Lo LF) band extends from 10 to 30 kilohertz. Be- 
cause of the extremely long wavelengths of these frequencies, from 6 to 18 


miles, the diffraction effect~is-very-pronounced. Theoretically, even a low 
power VLF “wave could be transmitted around the world by diffraction. In 
practice this is not possible with low power, however, because the earth 
absorbs so much power from the waves. Furthermore, since the length of 
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. ° ————— — 
communications are necessary. ape 


“sky waves can bé Used at the higher end of the ban 


the antenna for such a low frequency signal is usually a small fraction of 
a wavelength, it is a poor radiator. Despite these power losses, however, 
VLF stations can still broadcast over a very great range. Some high power 
VLF stations are designed for transmitting around the world. 


The Low Frequency (LF) band extends from 30 to 300 kilohertz. In this 
band, diffraction of the ground wave around the earth decreases and ground 
absorption losses increase. However, the shorter wavelengths in the LF band, 
as compared with those in the VLF band, make it possible to use much more 
efficient antennas. The VLF and LF bands are used where very reliable 


a, 


The Medium Frequency (MF) band extends from 300 kilohertz to 3 mega- 
hertz. The_ ercial AM broadcast band (535 kHz to 1605 kHz) lies 
within the MF band. Most. sion is by ground w although 


uring the daytime and 


over most of the band at night. 


The High Frequency (HF) band extends from 3 to 30 megahertz. Most 
foreign broadcast stations and amateur radio stations operate in this band. 
The range for ground wave transmission of HF waves is only about_10 to 


20 miles. During the day, however, various frequencies up to between 30 


and 60 megahertz propagate for long distances by means of sky waves. At 
night, on the other hand, frequencies above 15 megahertz usually pass through 
the ionosphere and are lost. 


The Very-High Frequency (VHF) band extends from 30 to 300 megahertz. 
The VHF television bands (54 MHz to 72 MHz, 76 MHz to 88 MHz, and 
174 MHz to 216 MHz) and the commercial FM broadcast band (88 MHz to 
108 MHz) lie within the V. nd. Since wavelengths at these frequencies 
are very arecenigtares esters Therefore, the direct is used for 


most VHF transmission and the normal ran -wayes is only slightly 


_beyond the horizon. This direct-wave transmission is called line-of-sight 


transmission. ough sky-wave transmission is possible in the VHF band, 
it is usually limited to the lower frequencies. Ionospheric conditions are often 


such that the sky wave passes directly through the ionosphere with little 


refraction. 


The Ultra-High Frequency (UHF) band extends from 300 megahertz to 3 
gigahertz (3000 megahertz). The UHF television band (470 MHz to 890 
MHz) lies within the UHF band, and some radar sets operate within this 
band. All communication in the UHF band is by direct waves. 

ar Tee en AES ANEST iis se alk 
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UHF antennas can be made highly directional. A highly directional trans- 
mitting antenna is one that concentrates the radiated energy into a narrow 
beam like the beam of light from a searchlight reflector. A highly directional 
receiving antenna is extremely sensitive in some directions and can detect 
very weak signals. 


The Super-High Frequency (SHF) band extends from 3 gigahertz to 30 


gigahertz. Most radar-sets operate-within this band. anos eae 
waves within the n the upper portion of the UHF band and all of the 

so short that ‘that they are called MICROWAVES. Lower frequency Adio 
in the ‘SHF 1 band are highly directive and are free from most types of inter- 
ference. However, = Higher frequency waves ia the Sl SHF | band are absorbed 


by, water vapor, by. air, and by clouds. ee ee 


a pe eee 


The Extremely-High Frequency band extends from 30 gigahertz to 300 giga- 
hertz. At the present time, this band is used primarily for experimental 


purposes. 


RADIO FREQUENCY HEATING 


Radio frequency currents and voltages can be used to heat various materials. 
There are two basic methods of r-f heating, called INDUCTION HEATING _ 


and ‘DIELECTRIC HEATING. Induction heating is used to heat conduc- 
es Sl ee ee ay 


Ot ce 
ee ee 


Microwaves are useful for many purposes other than radio communications. 
For example, in the electronic oven shown above they are used to cook 
foods. The microwave energy evenly heats the food and cooks it in a much 
shorter time than is possible in a conventional oven. 

Courtesy Heath Company 
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tors, and dielectric heating is o heat nonc ielectrics. 
Induction heating is used in the metal industry to heat-treat metals, _ 


eee 


dielectric heating is used in the plastic, wood and foo ies for curing, 


bonding, drying, dehydrating and similar processes.. These are but a few 
of the MAY applications Of Eehewenasearotier fore of dielectric heating, 
called DIATHERMY, is used to heat body tissue in the treatment-of-certain” 
ailments and for the relief of pain. 


Induction Heating 


Figure 9 shows the principles involved in induction heating. The output of 
an alternating current source is applied to an induction heating coil. The 
work piece to be heated is placed in the magnetic field of the coil. This 


varying magnetic field produces eddy currents in the work piece, and the 


I°R losses associated with the eddy currents heat the work piece. 
= ante eaten SiR Se ee aera Dl sh I ee Ravi aa, 


INDUCTION 
HEATING COIL 
(COPPER TUBING) 


Figure 9 


Induction heating is extremely flexible, since the material in the magnetic 
field can be heated either to a mild degree or to the melting point. In addi- 
tion, the heat can be made to penetrate either completely through the material 
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or only a very slight distance from the surface. The penetration and tempera- 


ture are determined by the strength and frequenc and 
the me the metal part is heated. Depending on the desired result, 
frequencié hertz z to many thousands-of-hertz are used 1 in induc- 


tion heating. ta le PSL 


Dielectric Heating 


Figure 10 shows the principles involved in dielectric heating. The output of 
a high frequency generator is applied to two electrode plates. The work 
piece (dielectric material to be heated) is placed between the two plates. the 
plates_and dielectric_act -like_a_capacitor, and an electric field is pro roduced 
between _the two ) plates. Variations in the electric field cause the molecules 
of the dielectric to vibrate. This vibration electric molecules raises 
the temperature of the dielectric. The rise-in-temperature-is-uniform through- 
out the dielectric. This is an advantage over other forms of heating, which 
produce a ee eee crus cea The earch tie anes 


being heated. 


zy DIELECTRIC 
WORK 
PIECE 


ELECTRODE 
PLATES 


Figure 10 


quencies from [50 megahertz ard higher are used in aimee peer) 
ET sae nS I eee 


_ 
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Diathermy 


In diathermy, two electrode plates, called space plates, are placed on either 
side of the portion of the body to be treated. An r-f voltage is applied across 
the plates, and the desired portion of the body is heated in the same manner 
as the dielectric material described previously. 


There is considerable difference in the dielectric properties of different tissues. 


At lower r-f frequencies, heat _is produced in fat tissues-much-mere-rapidly 


than in muscle tissue. At-higher-frequencies, however, this difference is much 


less pronounced. In the United States, the Federal Communications Com- 
mission (FCC) has set aside the frequencies of 13.56, 27.12 and 40.98 
megahertz for short wave diathermy, and the band of frequencies between 


ae 


2400 and 2500 megahertz for a newer form of diathermy called microwaye 
diathermy. 
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35. 
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37. 


38. 


10 FREQUENCY EFFECTS Q3 


following Practice Exercise questions cover the subjects which you 
just studied. They are: 


THE ELECTROMAGNETIC SPECTRUM 
GROUND WAVES, SKY WAVES AND DIRECT WAVES 
FREQUENCY AND PROPAGATION 
RADIO FREQUENCY HEATING 
INDUCTION HEATING 
DIELECTRIC HEATING 


DIATHERMY 


Highly conductive areas of the earth absorb less energy from the ground 
wave than low conductivity areas. True or False? 


Which of the following portions of the radio wave radiated by an 
antenna makes use of the ionosphere for long-distance transmission? 
(a) ground wave, (b) sky wave, (c) direct wave. 


Why are the antennas used in the VLF band usually poor radiators? 


During the day, most commercial AM transmission is by ground waves 
alone, but at night both ground waves and sky waves are effective. 
True or False? 


Long-distance transmission, farther than about 20 miles, in the HF 
band makes use of (a) sky waves, (b) ground waves. 


Most transmission in the VHF band and all transmission in the UHF 
band is by (a) ground waves, (b) sky waves, (c) direct waves. 


. Most radar sets operate in the (a) HF band, (b) VHF band, (c) SHF 


band. 


RADIO FREQUENCY EFFECTS Q3A 


40. 


41. 


42. 


43. 


The term microwaves refers to what frequencies? 


Of the two basic methods of radio frequency heating, which is used 
to heat conductors and which is used to heat nonconductors? 


How is heat produced in the work in the induction heating process? 


In dielectric heating, heat is produced in the work piece by (a) eddy 
currents, (b) passing a dc current through the work, (c) the vibration 
of the molecules of the work piece. 


SUMMARY 


At radio frequencies, effects which are not present in dc circuits and go 
unnoticed in low frequency circuits become very pronounced. All compo- 
nents have some resistive, inductive and capacitive properties. The leads 
of a resistor and the resistance element itself have inductance, and there is 
capacitance between the two terminals. The leads and plates of a capacitor 
have inductance, and the lead and dielectric losses make up a resistance. 
The conductor used to wind an inductor has resistance, and the many small 
capacitances between the windings of an inductor make up a distributed 
capacitance. Even the connecting wires in a piece of equipment may have 
considerable inductance. Although most of these properties are unimportant 
in low frequency circuits, they have considerable effect on radio frequency 
circuits. 


Another important characteristic of radio frequency circuits is the difference 
between the dc and ac resistance of a conductor. Due to the skin effect, the 
ac resistance of a conductor may be many times the dc resistance. 


Unlike low frequency energy, it is practical to transmit radio frequency 
energy through space, without the use of wires, as electromagnetic waves. 
The radio frequency band is only a small portion of the entire known 
electromagnetic spectrum. We generally think of radio frequencies as those 
frequencies between 10* hertz and 10% hertz. In order of increasing fre- 
quency, other forms of electromagnetic energy are: infrared radiation, visible 
light, ultra-violet radiation, x-rays, gamma rays and cosmic rays. 


An electromagnetic wave is made up of electric and magnetic fields at right 
angles to each other and to the direction of propagation. A radio wave is 
polarized in the direction of the electric field. A radio wave can be reflected, 
refracted, and diffracted in much the same way as light waves. Diffraction 


RADIO FREQUENCY EFFECTS 


. . . . Sree oe ee 
is more pronounced at low frequencies, and reflection is more pronounced at __ 


high frequenciés”- Refraction-occurs whenever the velocity of an electromag- 
netic wave Changes as it passes into a new medium. 


The portion of a radio wave that travels along the surface of the earth is 
called the ground wave. The portion of the wave that is radiated at any angle 
greater than the horizontal is called the sky wave. Radio waves that travel 
directly from the transmitting antenna to a receiving antenna are called 
direct waves. Sky waves may be reflected back to earth by the ionosphere. 
This action makes possible long-distance, short-wave communications. A 
horizontally polarized ground wave is absorbed more rapidly by the earth 
than a vertically polarized ground wave. 
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RADIO FREQUENCY EFFECTS 


Radio frequency heating is another important application of radio frequencies. 
Induction heating is used to heat conductors and dielectric heating is used 
to heat nonconductors, or dielectrics. A special form of dielectric heating, 
called diathermy, is used to heat body tissue in the treatment of certain 
ailments and for the relief of pain. 


Induction heating operates on the principle that a varying magnetic field 
produces eddy currents in a conductor which, in turn, produce heat through 
IR losses. Dielectric heating operates on the principle that the molecules of 
a nonconductor vibrate in accordance with a varying electric field, thereby 
producing a change in the temperature of the material. 
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IMPORTANT DEFINITIONS 


DIATHERMY — A form of dielectric heating used to heat body tissue in 
the treatment of certain ailments and for the relief of pain. 


DIELECTRIC HEATING — A method of heating nonconductors, or dielec- 
trics, by causing their molecules to vibrate under the influence of an 
electric field. 


DIFFRACTION — The bending of electromagnetic waves around objects 
in their path. 


DIPOLE — A type of antenna one-half wavelength long made up of two 
equal lengths of wire. 


DIRECT WAVE — A radio wave that travels between a transmitting an- 
tenna and a receiving antenna without being affected by either the 
ground or the upper atmosphere. 


DISTRIBUTED CAPACITANCE — A capacitance that is distributed over 
a large area as in a coil instead of being lumped into an individual 
component as in a capacitor. 


DISTRIBUTED CONSTANTS — The properties of resistance, capacitance 
and inductance distributed over a large area as in a transmission line 
instead of being lumped into individual components. 


ELECTROMAGNETIC WAVE — A form of wave made up of electromag- 
netic fields at right angles to each other and at right angles to the 
direction of propagation. 


GROUND WAVE — The portion of a radio wave that travels along the 
surface of the earth. 


INDUCTION FIELD — The portion of the field around an antenna that 
expands and collapses back into the antenna during each alternation. 


INDUCTION HEATING — A method of heating conductors by means of 
eddy currents produced by a changing magnetic field. 


IONOSPHERE — Charged layers of air in the upper atmosphere. 
LUMPED CONSTANTS — The properties of resistance, capacitance and 


inductance lumped into individual components such as resistors, 
capacitors and inductors. 


MICROWAVES — Radio waves near the high frequency end of the radio 
frequency spectrum having extremely short wavelengths. 
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RADIO FREQUENCY EFFECTS 


IMPORTANT DEFINITIONS (Continued) 


POLARIZATION — In reference to radio waves, the direction of the 
electric field—either vertical or horizontal. 


QUALITY (Q) —A measure of the efficiency of a component or circuit. 
In reference to an inductor, Q is the ratio of its inductive reactance 
to its effective resistance. 


RADIATION FIELD — The portion of the field around an antenna that 
is disengaged from the antenna and propagates itself through space 
in the form of electromagnetic waves. 


RADIO FREQUENCIES — The band of frequencies at the low frequency 
end of the known electromagnetic spectrum ranging from about 104 
hertz to about 10% hertz. 


REFLECTION — The turning back of an electromagnetic wave. 


REFRACTION — The bending of an electromagnetic wave as it changes 
velocity passing into a new medium. 


SKIN EFFECT — The tendency of an alternating current to concentrate 
along the surface of a conductor as the frequency is increased. 


SKY WAVE — The portion of a radio wave radiated from an antenna at 
any angle greater than the horizontal. Some of the sky wave may be 
reflected back to earth by the ionosphere. 


WAVELENGTH — The distance an electromagnetic wave travels during 
the time of one cycle. 
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ESSENTIAL SYMBOLS AND EQUATIONS 


f — etncy (hertz) 
Q — quality of a coil 

R — dc resistance of an inductor (ohms) 
X;,—inductive reactance of an inductor (ohms) 


A(ft) — the Greek letter lambda, representing wavelength in feet. 


A(m) — the Greek letter lambda, representing wavelength in meters. 


Xr 
Q=— (1) 
R 
300,000,000 
AGn) = —————— (2) 
f 
984,000,000 
(he ola (2a) 
f 


RADIO FREQUENCY EFFECTS 


RADIO FREQUENCY EFFECTS 


11. 


12. 


PRACTICE EXERCISE SOLUTIONS 


True — Even a short piece of wire may have considerable inductive 
reactance at radio frequencies. 


(b) along the surface of a conductor. — Since the magnetic flux lines 
associated with an r-f current are more concentrated in the center of 
a conductor, there is more opposition to the current at the center of 
the conductor. 


The ac resistance — Because of the skin effect, the ac resistance of a 
conductor may be many times greater than the dc resistance. 


litz conductors and large diameter tubing — Litz conductors are made 
up of a number of small diameter, interwoven, separately insulated 
strands of wire. Both litz conductors and large diameter tubing provide 


a large effective surface area to carry current. 


False — Wirewound resistors have much greater inductances than 
composition types. 


At the resonant frequency of its reactive components, the impedance 
of a resistor is greater than its resistance. 


At frequencies above resonance. — Since a capacitor has resistance 
and inductance as well as capacitance, it acts like an inductance in 


series with a resistance at frequencies above the series resonant frequency. 


The inductance of tubular capacitors has a pronounced effect at radio 
frequencies. 


The many small capacitances between the turns of the inductor. 


The natural resonant frequency should be higher than the applied 
signal frequency. 


The distributed capacitance of the inductor is used as the capacitive 
portion of a parallel tuned circuit. 


30 — Using Equation 1: 


Xt, 
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PRACTICE EXERCISE SOLUTIONS (Continued) 


13. 


14. 


13; 


16. 


17. 


18. 


19. 


20. 


21. 


Le 


23. 


24. 


It increases the Q because it increases the inductance without changing 
the effective resistance. 


(1) It is much easier to obtain the required small values of inductance 
and capacitance in a transmission line. (2) Resonant transmission lines 
have much higher values of Q than can be obtained with lumped con- 
stants. 


Radio frequency electrical energy is commonly transmitted through space 
in the form of electromagnetic radiation. 


(a) light wave. 

frequency and wavelength. 

wavelength. 

(b) 100 meters — First using Equation 2: 
300,000,000 


A(m) = 


300 x 10° 


1.5 x 10° 


= 200 meters 
Now dividing by 2 to obtain 12 wavelength gives 100 meters. 
(b) decreases — frequency and wavelength are inversely proportional. 


FM — Because FM radio uses a much higher frequency than AM 
radio, effects such as skin effect, distributed capacitance and lead in- 
ductance are much more pronounced. 


The electric and magnetic fields are at right angles to each other and at 
right angles to the direction of wave motion. 


Since electromagnetic energy travels at a speed of 186,000 miles per 
second, it will travel 186 miles (186,000 x .001) in 1 millisecond. This 
is the distance traveled by the electromagnetic energy from the radar set 
to the target and back again. The distance from the radar set to the 
target is one-half of 186 miles, or 93 miles. 


The fact that like charges repel and unlike charges attract. Thus, elec- 
trons are attracted to the positive terminal of the source, and are re- 
pelled by the negative terminal. 
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RADIO FREQUENCY EFFECTS 


PRACTICE EXERCISE SOLUTIONS (Continued) 


25. True. 


26. It indicates that the electric and magnetic fields completely disappear 
during each alternation. 


27. At distances less than a few wavelengths from an antenna, the induction 
field still has appreciable amplitude and must be taken into considera- 
tion in making field strength measurements of the radiation field. For 
this reason, field strength measurements of the radiation field are usually 
taken at distances equal to many wavelengths from the antenna. 


28. (a) electric field. 

29. (b) horizontally polarized. 

30. True — Steel rods are a better conductor than concrete. 

31. Radio waves may be refracted and even reflected by the ionosphere. 
32. At low frequencies. 


33. True. 


34. (b) sky wave. 


35. The antennas used at these frequencies (VLF) are usually a small frac- 
tion of a wavelength. Since a wavelength at these frequencies extends 
from 6 to 18 miles, it is usually impractical to construct antennas which 
are appreciable portions of a wavelength. 


36. True. 


37. (a) sky waves. — The range for ground wave transmission of HF waves 
is only about 10 to 20 miles. 


38. (c) direct waves. 


39. (c) SHF band. 
40. Those in the upper portion of the UHF band and all of the SHF band. 


41. Induction heating is used to heat conductors, and dielectric heating is | 
used to heat nonconductors. 


42. An alternating current is applied to a coil which sets up a varying mag- 
netic field. The varying magnetic field produces eddy currents in the 
work, and these currents produce heat in the form of IR losses. 


43. (c) the vibration of the molecules of the work piece. 
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De VRY INSTITUTE OF TECHNOLOGY 
4141 BELMONT AVENUE, CHICAGO, ILLINOIS 60641 LOWS A 
ONE OF THE EXAMINATION 


I Bette Hower: Scuoots CHECK SHEET 


1. B-AT HIGH FREQUENCIES -- CURRENT TENDS TO CONCENTRATE AT THE SURFACE OF A 
CONDUCTOR, 

With an alternating current in a conductor the magnetic lines are more concentrated at the center than near 
the surface, 


2. A - SUPPOSE AN INDUCTOR HAS A VALUE OF 10 mH AND A DC RESISTANCE OF 100 OHMS, WHAT 
IS ITS Q AT AN OPERATING FREQUENCY OF 10 kHz? -- 6, 28. 
The inductive reactance at 10 kHz is: 


Xy, = 2nfL = 6. 28x 10x 102 x 10 x 10-3 = 6, 28 x 10% = 628 ohms 


The Q is then equal to 


Q- XL _ 628 
R 100 
3, B- THE WAVELENGTH OF AN ELECTROMAGNETIC WAVE IS -- THE DISTANCE IT TRAVELS 
DURING THE TIME OF ONE CYCLE, 

The distance traveled during one cycle is equivalent to the distance between two corresponding points on 
neighboring cycles, 


4, A - WHAT IS THE WAVELENGTH IN FEET OF A 4,5 MHz WAVE? -- 219 FEET, 
Wavelength in feet is equal to; 


_ 984,000,000 _ 984 
f 4,5 


5. A- AN ELECTROMAGNETIC WAVE IS MADE UP OF -- BOTH ELECTRIC AND MAGNETIC FIELDS, 
The electric and magnetic fields are at right angles to each other and at right angles to the direction of 
propagation, 


dX (feet) 


= 219 feet (approximately) 


6, B-A DIPOLE ANTENNA IS -- 1/2 WAVELENGTH LONG, 
The total length of a dipole antenna is 1/2 wavelength, and the antenna is often called a half-wave dipole. 


7, C- THE POLARIZATION OF AN ANTENNA IS THE SAME AS -- THE DIRECTION OF THE ELECTRIC 
FIELD, 
Transmitting and receiving antennas should have the same polarization to obtain maximum efficiency, 


8, B- THE FREQUENCY RANGE OF THE HF BAND IS -- 3 TO 30 MHz, 
Most foreign broadcast stations operate in the 3 to 30 MHz (HF) band, Propagation over long distances is 
carried out by sky waves in this band, 


9, B -MOST RADAR SETS OPERATE IN THE -- SHF BAND. 
The SHF band (3 gigahertz to 30 gigahertz) is often referred to as the microwave band of frequencies, 


10, B - INDUCTION HEATING CAN BE USED TO HEAT -- STEEL, 


Induction heating is used to heat conducting materials like steel, Nonconductors are heated by using 
dielectric heating techniques, 
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EXPERIMENT 5 


HIGH PASS AND LOW PASS FILTERS 


PARTS NEEDED 


1 - Complete Design Console 1 - ,1 pF Disk Capacitor 
1 - Multimeter with Test Leads and 1 - 4002 Relay 
Spring Adapters 3 - Modular Connectors 
1 - 1k, 1/2 W, 20% Resistor - No, 22 Solid Hookup Wire 


1 - 4,7 k2, 1/2 W, 20% Resistor 
OBJECTIVE 


In this experiment you will investigate the action of RL and RC high pass and 
low pass filter circuits. 


PART 1 
PROCEDURE 


RL FILTERS 


I, Set up the low pass RL filter circuit of Figure 5-1 on the design console, 
The relay coil is used as the circuit inductance, Be sure to use the sinewave 
output of the audio generator. The low voltage dc power supply is not used, so 
set the ADJUST VOLTAGE control fully counterclockwise. 


2, Use the output function of your multimeter to measure the ac output from 

the circuit developed across Rj. Set the audio generator ADJUST FREQ. control 
to each of the frequencies listed in the chart of Figure 5-2, and record the 

output voltages (Eo) in the chart. 


3. Using the data from the chart of Figure 5-2, plot the curve of the output 
voltage versus frequency on the graph of Figure 5-3. 


Your curve should have the general appearance of that shown on Figure 5-4. 
Note from your data that as the frequency is increased from the 0 on the dial, 
the filter output remains relatively constant until the "roll off'' (or "corner'') 
frequency is reached, then the output voltage of a low pass filter circuit 
decreases, This frequency is determined by the values of L, and R, (where 
X1,; = R1) and is the frequency where the output of a low pass filter starts to 
fall as the frequency steadily increases. 


4, Set up the high pass RL filter circuit of Figure 5-5 on your design console, 
(This is the same circuit as that of Figure 5-1 except that the output is now taken 
across the inductor, ) Again, be sure to use the sinewave output of the audio 
generator, The ADJUST VOLTAGE control should be set fully counterclockwise 
9506 
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High Pass and Low Pass Filters 
since the low voltage power supply is not used, o 


5. Measure the filter ac output voltage at each of the frequency settings listed 
in the chart of Figure 5-6, and record your results, Use the output function of 
your multimeter to measure the output voltage. 


6. Plot a curve of output voltage (EQ) versus frequency for the circuit on the 
graph of Figure 5-7, using the data in the chart of Figure 5-6, 


Your curve should have the general appearance of the one shown in Figure 5-8. 
In a high pass filter circuit, the output increases as frequency increases until 
the "'roll-off'' frequency is reached, after which the output is constant. This 
is opposite to the action in a low pass filter circuit. 


PART 2 
PROCEDURE 
RC FILTERS 


1, Set up the low pass RC filter circuit of Figure 5-9 on your design console. 
The ADJUST VOLTAGE control should be fully counterclockwise since the low 
voltage power supply is not used, @ 
2, Using the output function of your multimeter, measure the filter's output 

voltage at each of the frequencies listed in the chart of Figure 5-10, Record 

the voltages in the chart of Figure 5-10. 


3, Using the data in the chart of Figure 5-10, plot a curve of the output voltage 
versus frequency on the graph of Figure 5-11. Your curve should have the same 
general appearance as the RL low pass filter curve in Figure 5-4, The ''roll 
off'' frequency will probably be different due to different component values, but 
it is the frequency where Ba Bale 


4. Now set up the high pass RC filter circuit of Figure 5-12 on your design 
console, (This is the same circuit as that of Figure 5-9, except that the 
output is now the voltage across the resistor, ) 


5. Record the filter's output voltage for each frequency listed in the chart of 
Figure 5-13, 


6, Plot a curve of output voltage versus frequency on the graph of Figure 5-14, 
using the data in the chart of Figure 5-13. The characteristics of the high pass 
RC filter should be similar to those shown for the high pass RL filter in 

Figure 5-8. 


High Pass and Low Pass Filters 
CONCLUSION 


The circuit action in RL and RC high pass and low pass filter circuits is the 
same, Ina low pass filter circuit, the output voltage remains constant as the 
Signal frequency increases; then, when the roll-off frequency is reached, the 
output decreases with increasing frequency. On the other hand, in a high pass 
filter circuit, the output voltage increases as the signal frequency increases 


until the roll-off frequency is reached, above which an increase in frequency 
causes no increase in output, 


NOTES 
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De VRY INSTITUTE OF TECHNOLOGY 


4141 BELMONT AVENUE, CHICAGO, ILLINOIS 60641 9506-5A 
== ONE OF THE EXAMINATION 
ie Bette Howett SCHOOLS CHECK SHEET 


1, CG - INA LOW PASS FILTER CIRCUIT, -- AS FREQUENCY DECREASES, THE OUTPUT INCREASES, 
The output decreases as frequency increases in a low pass filter circuit. 


2, ©C-REFERRING TO A SERIES RL FILTER CIRCUIT, -- THE OUTPUT IS TAKEN ACROSS L FOR A 
HIGH PASS CIRCUIT. 


In an RL filter circuit, the output is taken across R for a low pass circuit and across L for a high pass 
circuit, 


3. A -INA HIGH PASS FILTER CIRCUIT, THE OUTPUT -- DECREASES AS FREQUENCY DECREASES, 
The output increases as frequency increases in a high pass filter circuit. 


4. A - REFERRING TO A SERIES RC FILTER CIRCUIT, -- THE OUTPUT IS TAKEN ACROSS THE 
RESISTOR FOR A HIGH PASS CIRCUIT. 


In an RC filter circuit, the output is taken across R for a high pass circuit and across C for a low pass 
circuit, 


5. © - SUPPOSE THAT IN THE CIRCUIT OF FIGURE 5-1 THE INDUCTANCE OF L, IS INCREASED, 


THE RESULT WILL BE -- A DECREASE IN THE "ROLL-OFF"'' FREQUENCY, 
If Lis made larger, XL) becomes equal to Rj at a lower frequency, thus reducing the ''roll-off'' frequency. 
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A problem, all too often, is merely the absence of an idea. 
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VACUUM TUBE LOW-FREQUENCY 
AMPLIFIERS 


range of the audio frequencies, these low-frequency amplifiers are often called 
FREQUENCY AMPLIFIERS, or simply AMP. 


a eee a eamatiad 


In this lesson we shall analyze vacuum tube low-frequency amplifiers. In 
addition to discussing their circuits, many of the problems involved in the 
construction and operation of low-frequency amplifiers will be considered. 


VOLTAGE AMPLIFIERS 


When an electron tube builds up a relatively weak input voltage to a higher 
value, it is called a VOLTAGE AMPLIFIER. The output voltage may be 
further amplified by applying it to the grid circuit of another tube. The tube 


and its associated circuits are known as a stage. When a signal passes 
through two or more stages in sequence, such circuits aré -CASCAD 


AUN AS Ee " 


Associated with each voltage amplifier stage is a factor known as VOLTAGE 
GAIN (Ay). The voltage gain of an amplifier is the ratio of the output 
voltage to the input voltage. In the form of an equation: 


1 Bo 


fi Ase \ 
{ 4 fone / 


(1) 


where: Eo is the output signal voltage across the load, 
Exy is the input signal voltage, and 


Ay is the voltage gain. 


The use of this equation may be illustrated by the following example. Sup- 
pose Eyy is 1 volt and Eo is 10 volts. The voltage gain may be found from 
Equation 1 as follows: 


Eo 10 
A= geet KO 
tine he mnet 
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The gain of a voltage amplifier stage may also be expressed in terms of the 
circuit components and tube factors: 


Pan . 
Ze 


RY sass (2) 
. Ry, a Ip f 

where: 4 is the Greek letter mu representing the amplification factor of the 
tube, 

R, is the plate load resistance, and 


r, is the dynamic plate resistance of the tube. 


Assume that a tube has an amplification factor () of 20, a plate resistance 
(r,) of 5000 ohms, and operates with a load resistance of 10,000 ohms. 
According to Equation 2, the voltage gain for the stage is: 


mx Bop 20 cle 108 


Raanid walbeenl Nae aimed le 
5 
272 X10" 13.33 
1.5 x 104 


If a .1-volt signal (E,;) is applied to the grid of a tube, the output voltage 
(E,) may be found by rearranging Equation 1. 


Multiply both sides by Ey: 
Edy 


AyEw == 


or 
Eo as EyAy. 


Substituting the values for Ey, and Ay, we get: 


Eo = .15%- 13.35 a1 333.volts. 


THE PRODUC F THE V' VOLTAGE GE_GAINS OF THE INDIVIDUAL ~ 
STAGES. For instance, “if an amplifier has three stages, each with a 
voltage gain of 10, the overall gain is: 


10 x 10 x 10, or 1000. 


As another example, a two-stage amplifier with stage gains of 8 and 12 has 
a total gain of: 


iy ad POEL OS 
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POWER AMPLIFIERS 


Although the output voltage of a voltage amplifier is stepped up considerably, 
the actual power output may remain quite small. If the signal must operate 
a loudspeaker, a sound recording mechanism or a mechanical control, or 
“drive” a transmitter stage which requires appreciable power, a POWER 
AMPLIFIER must be added. 


These situations require a POWER TUBE or a combination of tubes that 
provide the desired power output. The average power tube has a lower 
internal resistance than a voltage amplifier tube, and therefors-nigher-plet 
currents can be obtained. The maximum plate voltage that can be applied 
out overheating. 
PET tang 


Even though the voltage in increase or gain of a power tube is low, the power 
gain cat be quite niga A grid input signat of a Traction OF a watt results in 


an output of several watts. 


AMPLIFIER CLASSIFICATION 


Amplifiers are classified _according to the length of time that plate current 


exists during each input signal cycle. Accordingly, € three major 


In_a_CLASS-A-AMPETEIER,plate—current exists during the > entire 360° 
oF the donut signal cy —In a ae B AMPLIFIER, plate current ex ~exists~ 


are Seat in a number of variations or combine 


When an amplifier’s output waveform is not exactly the same shape as the 
input signal, a condition known as DISTORTION exists. A Class. A ampli- 
fier produces ‘the Teastamount of distortion. In-certain “applications, circuits 
are purposely designed to produce distortion so that the desired output 
waveform can be obtained. However, for most low-frequency_amplifiers the 
distortion is kept to a minimum. Because Class C amplifiers produce severe 
distortion, they are not generally used as low. -frequency “amplifiers, ar and will 
HE OG 7 not be discussed in this lesson. . 


Class A Amplifiers 


The length of time that plate current exists during an input signa cycle is 
contro ed by a tube’s grid bias and the ac signal voltages us: S used. In Figure I, lif 
Pe = 4 a ee 
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the bias is provided by E,.. The input signal is developed by the generator 
voltage, Ex. Usually, in the Class A amplifier, the bias and signal voltages 
portion of the grid 


are chosen to confine tube operation ig 
tc ee 


Figure I 


Using the characteristic curves of Figure 2, the grid bias, E, (operating 
point of the tube), is —3 volts. This is shown by the dashed vertical line 
labeled E.. The input signal, E;x, has a peak value of 3 volts. During the 
positive alternation, the input signal voltage opposes the grid bias and re- 
duces the grid voltage from —3 to 0 volts. During the negative alternation, 
the signal voltage aids the bias to increase the negative grid voltage from 
—3 to —6 volts. 


acteristic curve (by means of the dashed lines € tube operates 
above the bend at the lower end of the curve and below the bend at the 


upper end. is confines the grid voltages to the straight, or LINEAR 
potuonwolthercurve-—_—- 7 


eee, 


een 


The plate current varies in direct proportion to grid voltage changes, as long 
as. the tabe-operation—is ican Very linte—disortionisproduced by_ produced by a 
tube op tion of its characteristic curve. In Figure 2, 
for example, as the grid voltage increases from —3 to —6 (a change of 3 
volts), the plate current decreases from 2.3 to .5 mA (a change of 1.8 mA). 


A grid voltage change from —3 to 0 volts (a change of 3 volts) produces 
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PLATE CURRENT-mA. 


a plate current increase from 2.3 to 4.1 mA (a change of 1.8 mA). Thus, for- 
equal changes of 3 volts on the grid, there are equal changes of 1.8 mA in 
plate current. Therefore, the ac component of the plate current is an 
amplified replica of the original signal applied to the grid. 


If the magnitude of the input signal voltage is increased beyond 3 volts, the 
grid swings into the positive region, causing some of the emitted electrons 
to be attracted to it instead of the plate. This diversion of electrons reduces 
the magnitude of plate current. As a result, the waveform of the signal is 
not reproduced correctly in the plate circuit, and serious distortion results. 


If-an ee ee correct ae Eee the negative 


the tube “biased at —4 volts and the ra signal increased to 4 volts oe 
when the signal swings the grid voltage from —4 volts to 0 volts, the plate 
current increases from 1.8 to 4.1 mA for a change of 2.3 mA. When the 
grid voltage swings 4 volts from —4 to —8 volts, the plate current goes from 
1.8 to .2 mA for a decrease of only 1.6 mA. 


Therefore, equal changes in grid voltage no longer produce equal plate cur- 
rent changes. The ac component of the plate current has one alternation 
larger than the other. For this reason, the signal output of the Class A 
amplifier is limited by the magnitude of the input signal it can handle with- 
out excessive distortion. THIS POWER OUTPUT USUALLY IS ABOUT 
ONE-FOURTH,. _OR 25%, OF THE DC POWER | SUPPLIED TO THE 
TUBE BY THE PLATE POWER SUPPLY. : 


The. effictency.of an amplifier is the ratio of the power o1 out to the power in. 


The efficiency of a Class-A ower amplifier is poor. A-maximum efficiency 
cE PSHE peice ieee aaa ee ea 
Note: Efficieney—concerns thedc_ power input to the stage from the power 
supply, not the signal input. igs 

TE? cast Wise iepaabee ace 


The numeral ‘}~semetimes i 


a 
tice 


of an | amplifier classification to signify that no grid eae exists during any 
part_of the signal i input cycle. Therefore, the operation of the e circuits 
represented by Figures 2 and 3 may be’ designated as Class Aj. 


A cA AN 


Wher ral “2” is added _as a-subseript,it-signifies that grid current 

does exist for some portion of the input-signal-cycle-As_ already explained, 

since electrons are diverted from the plate, this type of operation produces 
x ies 


me, 
coe 
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distortion, and the output _efficiency_is even lower than for_a Class-A; .ampli- 


fier. ~ Therefore, Az operation s seldom is used. The letter A without any 
a — 
subscript indicates ‘Class At “operation. ~ 


Class B Amplifiers 


ee 


applied t to Cee current it_exists only for boaeteree Sone alternation of the 
signal cycle. Tag cer mt PEs 


ATORY OBcHLOBCOPE 


: jo. 100 
* 
ee prisit2« © 190 o 


q 
4 Pe ig 
VERT. GAIN ie 
10 MS 


* 4 
ett PHASE D 


rae 
ees Lele VERNER 
AS 
WOR. NOU 
VERT, INPUT 
uy SYNC, geLEcTOA 


EXT. SYNC. BME. 


S 
e 


The voltage amplifiers in an oscilloscope are operated 
Class A to obtain a minimum amount of distortion. 
Courtesy Heath Co. 


1076 


AMPLIFIERS 


VACUUM TUBE LOW-FREQUENCY AMPLIFIERS 


Figure 
4 


ORS One9 
GRID VOLTS 


2 
+ 


PLATE CURRENT—mA. 


Class B operation is illustrated by Figure 4. The operating point, E,, has 
been shifted to the bottom of the curve, the plate current cutoff point, by 
adjusting the grid bias to —9 volts. The signal Ey, now E;x now can be increased 


to_a_peak-of 9 volts without causing the grid to go positive. Wis 


With no in input si signal, there is no plate current. However, during the positive 
signal al alternations the negative grid bias is partially canceled to permit plate 
current. During t the * negative signal alternation, the negative bias is merely 


ern ne ne 


increased, and since the tube is already cut off, th plate current. 
With-the~current pulses occurring only during the positive alternations, the 


mere 


increase of plate current is determined by-the-magnitude of the s signal voltage. 
Since’ ‘power i tonly during the intervals of plate _cur- 


rent, plate dissipation” takes place abi about one- 1e-half of the total c le. There- 


ee 


fore, the efficiency ai averages “between 50 and 65 percent, much higher thi than 
is obtained in Class A A operation. 


a 


Because the amplifier has higher efficiency, it is possible to _apply more 
voltage t oy the” ae without overheating the tube. Therefore, in Class B 

ce Frent pulses than_may be_used 
during. the antits Class “A- operation. This is because-the-Class B 3 tube 


has an opportunity to ‘cool | between pulses. 


Class B-operation also allows use of f a much _larger-inp i ltage with- 
out driving the grid positive. As an | example in which the same tube is used, 


‘the Class Ax operation shown in Figure 2 limits the grid signal to a 3-volt 


peak, while the Class B operation of Figure 4 permits a grid signal peak of 
almost 9 volts. 


A tube Class B operated acts like a half-wave rectifier, and therefore, a 
single © tube cannot be used to amplify low- w-frequency signals, because_of the 


excessive ve distortion, However, it is possible to use two tubes in Class B 


operation to obtain an effici 


circuit described later in this lesson. 


the push-pull 
sin _push-pu 


Class AB Amplifiers 
A CLASS AB AMPLIFJER-ic-oné.in which the grid bias and ac signal ac signal 


voltages” produce” € plate curr than half but less than ‘the entire ntire 


signal voltage cyc cycle. The grid bias voltage for this type o amplifier is in 
TES 5 eck alae eens: 


‘between the voltages used for Class_ r Class A or Class B operation. 
pt a er Lak ee IE 


ences 
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In Class AB operation, plate voltages can be made higher than for Class A 
because the-imcreased” fiegative bias limits the < amount~of ‘conduction. Like 
Class B,the-maxinrum plate ‘dissipation rating is less likety to be exceeded. 


The higher plate voltages result in greater power output than is possible in 
Cl ass Am operation. ———— Meee eet WN Senne menerre rt eines ae ae te 


he cezate aan 


GRID BIAS METHODS 


The class of an amplifier is determined by the length of time plate current 
exists during each input cycle. Therefore, the proper_operation of electron 


ircuits depends upon th j 


Separate Supply 


When a very stable-grid voltage-is_needed, a separate grid supply voltage 
ig employed, as shown in. Figure 5. The negative bias voltage is applied 
through the grid load resistor (Rix). In most cases, a separate power supply 
or voltage divider arrangement is used to provide the bias. 


The separate grid supply voltage (E..), shown in Figure 5, provides what is 
called FIXED BIAS, This type of bias is very often employed in Class B 


or Class C amplifiers when the required operating point is at, near or beyond 
plate-current cutoff. pie Par ee ERE WASTE See eT 


Cathode Bias 


ence renee na ane 


With no input signal, there is_a-steady-plate current from ground up through 


Ri, from the cathode to the plate, down through Ry,-to-Ep;-and~back to 
ground. By Ohm’s Law (Ex, = I,R;), a steady voltage drop exists across 
R,, with the end that is connected to the cathode positive with respect to 


ground. Since the lower end of Ris is connected to ground, or to a point 


that is negative with respect to the cathode,the control grid is also negative 
1076 
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For example, if Ex, is 3 volts, then the grid bias with no input signal is —3 


volts. There is no current in Riy; it is used ly the negative bias 
voltage to rid, and also to develop the input signal. 
A oases to the control grid, and also to develop the input signal, 


/ An combination of this type with a long time constant prevents the 
{ voltage across R, from varying. With a Steady current, the fixe voltage 
ay drop: actos RACE the voltage across the Capacitor is equal to 
v4 the drop across the resistor. Then, when the current decreases, C, has to 

4 discharge through R, before its voltage can decrease. If the R,C, time 
/ constant is large, not enough electrons discharge through R, to permit an 


appreciable change in voltage before the input signal causes the current to 
“increase again. 


The charge and discharge of C, maintains a con fant current through and 
a_constant voltage across Rj, in spite of plate current changes. Thus, C, 


has the effect of. -passing-the_alternating portion of the plate current around 
the resistor. For this reason, C, often j alled a EE BYPASS 
Eon tet aac ae 


B 
CAPACITOR, — 


To obtain the desired long time _-constant-tor-the-cathode bias network, a 
large value of capacitance-is required. This ] value is necessary because 
the nesitanal-OE- Ris MOUTaT Te Sr oe acest boca 
pensive, the minimum value of capacitance which gives satisfactory results 
is usually selected. 


’ It is sometimes convenient to think that the cathode bypass capacitor offers 
4 very low reactance to the ac component and very high resistance to the de 
( component, while the resistor offers equal resistance to both. 


A_good rule of. thumb is to select C, so that its reactance at. the lowest 
a a lied 5 T/T the Tesisace OF Ry. For example, assume 
that R, of Figure 6 is a 300-0 m resistor, and 50 Hertz is the lowest fre- 
quency to be amplified. From the above tule, the capacitive reactance should 
be 1/10 of 300, or 30 ohms, at 50 Hz. Using the equation for capacitance 
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The following Practice Exercise questions cover the subjects which you have 
just studied. They are: 


VOLTAGE AMPLIFIERS 


POWER AMPLIFIERS 


AMPLIFIER CLASSIFICATION 


CLASS A AMPLIFIERS 


CLASS B AMPLIFIERS 


CLASS AB AMPLIFIERS 


1. What is the formula for the voltage gain of a voltage amplifier? 

2. Assume that an amplifier has an input signal of 1.5 volts and an output 
signal of 30 volts. What is the voltage gain? 

3. What is the voltage gain of a vacuum tube amplifier if ». = 100, r, = 35 
ko and R,; = 100 ko? 

4. What is the difference between a voltage amplifier and a power amplifier? 

5. What is the difference between a Class A, a Class B and a Class C 
amplifier? 

6. In a Class A amplifier, what two factors determine whether the opera- 
tion is on the linear portion of the characteristic curve? 

7. In a Class A amplifier, if the bias voltage is increased (more negative), 
will the positive or negative alternation of the plate current signal be 
distorted? 

8. What is the meaning of the term “efficiency” with regard to an ampli- 
fier? 

9. What is the efficiency of a Class A amplifier? 

10. With respect to the tube’s characteristics, where is the bias point set 
for Class B operation? 
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11. 


12. 


13. 


14. 


QiA 


Can a Class B amplifier handle a larger signal than a similar Class A 


amplifier? 


What is the approximate efficiency of a Class B amplifier? 


What is a Class AB amplifier? 


Would a Class AB, amplifier draw grid current? 


VACUUM TUBE LOW-FREQUENCY AMPLIFIERS 


and rearranging the terms by first multiplying both sides by C: 


CX¢ = C 
2nfC 


Since € — 1, the equation reduces to: 


1 
Xo=> 
wo los or 
Next, divide both sides by Xc: 


CXc¢ 1 ¢ 
Xo Qf ~ 


Since 2 — 1, the equation reduces to: 
C 


_—- 


27rfXo 


Substituting the values in the example: 


Cae ee 
628% 5c 1083 x 10 


1 
94.2 x 10? 


1 
9.42 x 10° 


106 x 10-? = 106 pF. 


For low-frequency amplifiers, cathode bypass capacitors are usually of the _ 

electrolytic type to obtain the required high values. However, since | the bias _ 

developed across the resistor is usually low, the voltage rating of this capacitor 

is only 10 to 50 volts-and-its-physic al Size is small. REAR EY ch er Te 
ee oneal Richa aa ema 
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Cathede-bias_i lly found in Class A or Class AB amplifiers. Sometimes | 
cathode bias is employed in addition to fixed bias in Class B and Class C _ 
amplifiers. 


Grid-Leak Bias 


With the self-bias method known as GRID-LEAK BIAS, the dc bias is de- 
veloped as a result-of-the leakage or discharge-of-a capacitor through-a re- 


sistor. ‘A typical grid-leak bias circuit arrangement is shown in Figure~7. 
A parallel RC combination is connected in series with the grid circuit of V4. 


This type of bias is normally used with circuits that have a continuous—ac 
input signal, such as oscillators. The positive alternations of the input signal 
cause V, to draw grid current. However, the resistance of R; and Ry is_ 


quite high,-and-the amount of-grid-current_is therefore limited to a small 


——— é 


amount which cannot_damage the tube. This “leakage” current from the 


grid, through Ri and Rr to ground, causes a voltage drop across the re- 
sistors that charges C;, placing a negative potential on the grid. This nega- 


tive potential_is the bias voltage. 


it charges quickly when grid Gissaueuske eee Ee 
R, is targe;the C; charge leaks off slowly. Grfid-leak bias is seldom used i 
ecomes dis 


Class A, AB or B amplifiers because the sign distorted when grid 
current is drawn. 


Negative-Leg Bias 


A combination of self- and fixed bias called NEGATIVE-LEG BIAS is 
shown in Figure 8. Platecurrent from —E,, through—Ry—V,,—R;~and 


the control grid of V; is also negative with respect to the cathode. Ry, is» 
emeaettt WP eaiernes cocoa ciBRGN WEF ee eT Re 


bypassed by Ci to prevent voltage variations across it. 


neers 


If additional amplifier stages are connected to the same power supply (plates 


~ Ebb + Ebb to +E,, and cathodes to ground), their plate currents will also flow through 
i R,. This requires that all plate currents be considered when calculating 
ike values of R, for a specific bias. 
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Contact Bias 


negative with respect to the cathode. Since this grid current is very small, 


one- or two-volt drop. Consequentty, this bias method is only practical when 
very ‘small input signal ‘voltages are to be applied forthesorid | ae 


————___--—..- 


Ebb 


Figure 
9 


Measurement of bias in high-impedance grid circuits 
must be performed using a high-impedance meter to 
prevent circuit loading. 


Courtesy Simpson Electric Co. 


Because the grid and cathode of a tube must be made of different materials 
fo obtain a high electron emission from-the-cathode- and-a-very_low-eleetron— 


% the “CONTACT DIFFERENCE OF POTENTIAL,” thi 
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electrons-emitted from the cathode in reaching the e grid, thus making grid cur- 


tent. possible, For this reason, the-resulting-voltage drop across Ryy is re- 
ferred to as CONTACT BIAS. 


CALCULATING THE CATHODE 
BIAS RESISTANCE 


The resistance value for the cathode bias resistor can be obtaines y_ dividing 


the require ias age by the no-signal cathode cur The no-signal 
cathode current is equal to the platé current in the case ai a triode, or the 
a 


sum of f the plate and d_screen currents, in the case of a tetrode or pentode. 
In equation form: 


— E, \ 
tie / 


where: _ E, is the required de grid bias in volts, 
I, is the no-signal plate current in amperes, 
I,2 is the screen current in amperes, and 


R is the resistance of the cathode bias resistor in ohms. 


As an example, assume that you want to determine the resistance of a cathode 
bias resistor for a type 6CB6 pentode, when the plate current is 9.5 mA, the 
screen current is 2.8 mA, and the required grid voltage for linear Class A 
operation is 2.2 volts. Using the equation: 


= yw E.. 
I, + Ice 


sa! 2.2 
~ 0095 + .0028 


paps 
.0123 


178.9 ohms. 
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In_a circuit_-where-negative-leg-bias_is employed, it is necessary to determine 


the total plate and screen grid currents of all tubes in series with the bias 


arc ne en nn ae 


by dividing the desired voltage 


by this total current, as previously done for.cathode_bias.— 
sedans ee SE ea 


FREQUENCY RESPONSE 


An important characteristic of a low-frequency amplifier is its ability to pro- 


vide equal amplification for all frequencies of its intended application. The 


. . . . a 
frequency range over which an des nearly equal amplification 
is called its FREQUENC ONSE. An amplifier’s specified frequency 
response is the band of frequencies over which the amplifier provides no less_ 


than half the required output. 


An example frequency response specification is that of a high-quality high- 
fidelity twenty-watt audio amplifier, whose response covers the range of fre- 
quencies from 10 Hz to 40 kHz. This specification means that, with the 
proper input signal, the amplifier’s output will be no less than ten watts over 
the frequency range of 10 Hz to 40 kHz. In practice, a typical amplifier 
having this specification will usually provide about ten watts output at 10 Hz, 
rise to twenty watts output from 20 Hz to 20 kHz, and drop back down to 
ten watts at 40 kHz. 


TYPES OF COUPLING 


The method of connecting or coupling one amplifier stage to another for 
cascade operation is quite important. Three basic methods used in low-fre- 
quency amplifiers are: (1) resistance coupling, (2) impedance coupling and 
(3) transformer coupling. a SOME ae ian te 


AED 


Resistance Coupling 


Figure 10 shows a RESISTANCE COUPLING arrangement, sometimes. 
known_as RESISTANCE-CAPACITANCE (RC) COUPLING. This coup- 


jor een 


ling ‘arrangement between-the stages consists of resistor Ry-and-capacitor CH 


Capacitor C2 has two disti ions: t ck the positive _de plate 
voltage of tube V; from the grid of tube V2 and (2) to transfer the amplified 


d — 
ac signal fromthe plate of V NBs 


With no input signal voltage applied, electrons flow from ground through Ri, 
V, and back to +E,, through Re. There is also an ac path from ground 
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y tEDpD 


Figure 10 


through R;, C2 and R2 to +E,,. Although there is no continuous current in 
this path, electrons flow from ground through R; until Cs is charged. While 
C2 is charging, electrons leave C. and flow, along with the V, plate current, 
through Rz to +E». 


Capacitor C; is charged to the voltage across Ry, since it is in parallel with 
R,. Capacitor C, is charged to the plate supply voltage minus the drop across 
the plate load resistor, R2. For example, if the plate supply voltage is 280 
volts and a voltage drop of 80 volts exists across Ro, then the de voltage 
across Cz is 280 — 80, or 200 volts. After capacitor C2 is fully charged, there 
is no more current through R3, and the voltage across Rs drops to zero. 
Rg is the grid resistor of tube Vo. 


Assume that the signal voltage across Rry drives the grid of V; less negative 
and causes an increase of plate current. With an increase of plate current, 
the voltage drops across R, and Rg also increase. However, the action of 
capacitor C, tends to prevent a change of voltage across R;. The increased 
voltage drop across Re reduces the plate voltage of V, and changes the voltage 
across Co. 


In this example, if the voltage drop across Ry increases to 100 volts, the 
voltage across capacitor C2 must reduce to 180 volts (280 — 100 volts). 
With reduced voltage across it, C2 starts to discharge. The_path_of the dis- 
charge current is down through R to ground, up through Rj, through V; 
from cathode to plate and back to Cs. This discharge current causes a voltage 
drop across Rs which makes the grid of V. negative with respect to its 
= Se ea oe RE, 
cathode- 
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The following Practice Exercise questions cover the subjects which you have 
just studied. They are: 


15. 


16. 


17. 


18. 


19. 


20. 


21. 


22. 


GRID BIAS METHODS 
SEPARATE SUPPLY 
CATHODE BIAS 
GRID-LEAK BIAS 
NEGATIVE-LEG BIAS 
CONTACT BIAS 
CALCULATING THE CATHODE BIAS RESISTANCE 


The grid bias arrangement of Figure 5 is referred to as 
bias. 


Would fixed bias be normally used in a Class A amplifier? 


How does the cathode bias arrangement of Figure 6 develop a negative 
grid bias voltage? 


What is the purpose of C, in Figure 6? 


For proper operation, the R,C, time constant should be 


If an amplifier has a cathode bias resistor with a value of 250 ohms, 
what should be the reactance of the bypass capacitor at the lowest fre- 
quency to be amplified? 


Explain how the circuit of Figure 7 develops the bias voltage. 


Contact potential bias requires a high value of grid load resistance. 
True or False? 
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23. What is the value of R, required in this circuit to develop the value of 
grid bias shown? 


24. If the lowest frequency to be amplified by the circuit of the previous 
exercise is 100 Hz, what is the value of C,? 


VACUUM TUBE LOW-FREQUENCY AMPLIFIERS 


When the input signal voltage makes the grid of Vi become _more negative 
with respect Tots Cathode, its plate current is reduced. With less plate cur- 
rent, the voltage drops across R; and Ry are reduced. Again, the action of 
C, tends to maintain a constant voltage across Ri, but the reduction of voltage 
across R» allows an increase of voltage at the plate of Vi. 


With the voltage at the plate of V; increased, capacitor C2 charges. Electrons 
flow from ground through R; until C2 is charged. This charge current causes 
a voltage drop across Rs which makes the grid of Vz less negative with re- 
spect to its cathode. By causing capacitor Ce to charge ang Cea 
ac component of the plate current im Vi develops an_ac voltage across Rg 
and the grid-cathode circuit of V2. 


It : 


t_is_goed-design—practiceto—-make- i istor Ro fairly 
high. Infact, it is usually from _1 to 10 times the value of the plate re- 


sistance. Capacitor C2 must_have sufficient. dielectric strength to prevent a 
to reach 


the grid of Ve. 


The reactance of the coupling capacitor, C2, at the lowest signal frequency, 
should be low compared to the resistance of grid load resistor Rs. In effect, 


G, and R; form a high-pass filter with the drop across Rs as the output volt- 
age. Therefore, the time constant must be large to prevent excessive atten- 
uation of the lower frequencies. If the value of the coupling capacitor is too 
small, its reactance will be high, causing a reduction_of low-frequency signal — 
voltage for the following grid circuit. Sp ae 


To determine the value of the coupling capacitor, it is common practice to 
assume a time constant of .004 second and a frequency of 100 Hz for audio 


amplifiers. Under these ‘conditions, with a grid load of 100,000 ohms, or -1 
megohm, the coupling capacitance can be calculated by the following equa- 
pony |, 


i) ies 
where: T is time in seconds, 
C is the coupling capacitance in microfarads, and 


R is the grid load resistance in ohms. 


Dividing both sides by R, an equation for determining the value of coupling 
capacitance is obtained: 
Eee RC 


R R 
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Since R/R = 1, the equation reduces to: 


Cale 


Substituting the values of T and R, we now obtain the value for C: 


4x 10° 


Cc = ————_ 
PSa0% 


4x 10° 


04 uF. 


| 


At a frequency of 100 Hz: 


7 OC 


= 6.28 x 1x 102x 4 x 108 


= 1 
2512 SGLOS 


= 3.99 x 104 
= 39,900 ohms. 


For_better low-frequency gain, the time constant is increased to O01 antl 
Therefore: en Ee ap elk 


re nN, 


cre rear enrne cea 


c=T/R=-Ha11 ie 


and at a frequency of 100 Hz: 


Xo = 15,900 ohms. 


Sincethe_reactance of the coupling capac citor decreases as the signal fre- 


quency i increases, the coupling capa ittle _effect_on the high sh-fre- 
quency pi ieocnse one amplifier. _The rapid dropoff i in ne frequency 8 re- 
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sponse is due to the shunting effects-of Cy, shown in Figure 10. Cx is com- 


pos of the effective input capacitance of V2, the plate-cathode « capacitance 
of Vi, and the various stray wiring capacitances. 
ee ene 


As the Signal frequency increases, _ the reactance of sen decreases. Since 12) 


as the sig signat-frequency increases. - With a decrease in Tpetancorae icand 
Cx, more of the signal voltage appears across Cz and Tess a across Rs and Cx. 


This results in-a decrease in the signal on ‘the grid of V2, which results in a 
reduction of the gain of the amplifier. 


Resistance coupling is employed _ whenever a relatively constant frequency 
response is desired and weight and cost must_be held to-a_minimum,— The 
disadvantage of resistance coupling is that_there_is_adc_voltage_drop across 
the plate load” Tesistor. This voltage drop causes a loss of power supply 
energy, resulting ine decreased “amplifier ef efficiency. 


Impedance Coupling 


In the circuit of Figure 11, inductor L; replaces resistor Ry of Figure 10. 
Inductor L,, along iong with coupling capacitor Cy at C, and grid resistor Re, form 
what is known as an IMPEDANCE-COUPLED ED ‘amplifier. The inductor is’ 
made of a large number of turns of wire wound on an iron core. Due to 


its self-inductance, the coil presents a high reactance to low-frequency 
variations of F plate current,-but has a fairly Iow fesi resistance to direct current. 


cual 
———er 


——— 


ee ee 
— nt 


In general, the action of impedance coupling is similar to resistance coupling; 
however, the lower de" Tesistance-of-the inductor ca causes a smaller loss of 


penser nee 


power “supply energy. Since the reactance of inductor L; varies with fre- 
rgy. Eee dpe eae rue NIGTECES. ARTES 
quency, the voltage developed across it also varies with changes of frequency. 


Therefore, ‘the response e of the e impedance-coupling circuit is not uniform over 


the entire opera requency range. Unless the reactance of the inductor or 


is Jarge at the lowest ees the low frequencies are attenuated. — 


al 


Increasing the number of turns of the winding of an inductor increases the 
distributed capacitance between the adjacent turns. The adjacent turns act 
like plates of small capacitors, and therefore, the more turns in the inductor 
coil, the greater the number of small capacitors. 


a scaeeseaniecnanmsesninanieoson a ee 


ee CO LS CC CL CAI 


These capacitors are effectively i el with the inductor, and 1 they form 


a parallel | LC circuit. At the resonant frequency of this circuit, its ‘parallel 
nea nN 


a 


Figure 
11 
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Figure 
12 


B stage. ture, 
en 


impedance is high and the resulting signal voltage applied to the grid of the | 
next stage (V2 in Figure 11) is large. 


per rrr 


The change of load impedance with frequency causes an uneven frequency 


response,-with the output highest at the circuit’s resonant frequency. Above 
th Of the circuit, the distributed capacitance 


te the output voltage decreases, as a result of the Shnin 
effect of the distribute 


istributed capacitance. 


Transformer Coupling 


Figure 12 shows a TRANSFORMER-COUPLED amplifier arrangement 
using an iron core transformer, T,. The transformer primary is in series 
with the plate circuit of tube Vi, while the secondary is in the grid circuit 
of tube Vo. Changes in the primary voltage induce changes of voltage in the 


secondary. In addition to the amplifying action of the tubes, the trans- 


2 
former can step up the signal voltage ge in proportion to t to the turns ratio of the 


windings. For rt example, if the turns ratio is 3-to-1 step-up, the secondary 
signal voltage is three times the primary signal voltage. 


There is a limit to the number of times a transformer can step-up the signal 


voltage. Practical -eonsiderations normally “keep “the-step-up ra ratio relatively 


low. The transformer primary \ winding has inductive rez reactance which varies 


directly “with frequency, and t TLO 4 to provide the paar reactance wt low 


of-turns, j “just as W was as required | for inductor oe in Figure sre 


To obtain a step-up ratio, the secondary winding must have more turns 
than the primary. But, as turns are added, the distributed-capacitance—be- 
tween the adjacent _turns and the various layers ‘increases... This increase in 
distributed capacitance affects the frequency response exactly as explained 
for the impedance-coupled amplifier of Figure 11. 


Thus, the nu f primary turns must be sufficient to_provide proper 
eactance at low frequencies, while number of secondary turns must 
.be limited to keep the shunting effect_of the distribute Capacitance-low—at— 


the I higher fre frequencies. To ) satist Hcthl Tec uirememrenthe eansiormer tumn 
ratio seldom exceéds a 3-to-1 step-up. 
SSS ee 


eee 


erent nner 


Transformer coupling is used in many Class B amplifier 
rent is drawn. ith a a_transformer ,_the_hi _imy edance of the Si ee 
stage can be matched to th the low-impe it required for a Class 
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PARALLEL AMPLIFIERS 


The power available from a particular tube is limited. Too large a signal 


drives the grid positive and, , if the bias is increased, distortion is-caused by by 
operation-on-the nonlinear oa ag Tab ube’s curve. One way to increase 


the power output of a stage | without_ cane istortion is to employ two or 


ee 


plates and cathodes of ‘the tubes ¢ are ‘ied oeunee 


The signal power delivered by a tube is determined by the current variation 
in the plate circuit. For two tubes in parallel, the output is twice that of 
one tube because the ‘plate current of both tubes flows through the Toad. 
Therefore, for the same grid and plate voltages, the output has twice the 
power with no increase in distortion. 


PUSH-PULL AMPLIFIERS 


Another. method for increasing power output without increasing. distortion 
Figure ja The e plate Batata MDEtY ie Likes thateot tube V, in Figure 12. 
However, in Figure 13, the secondary of transformer T, is center-tapped, 
with the upper end of T; connected to the grid of tube Ve, and the lower 
end connected to the grid of tube V3. The grid circuits of tubes V2 and V3 
are completed through the transformer center tap, resistor Re, and their 
respective cathodes. 


A change of plate current in the primary of transformer T, induces a second- 
ary voltage which, with respect to the center tap, causes one end of the 
winding to become positive and the other negative. The center tap is con- 
nected to the ground, or zero potential point, and the ends of the secondary 


are of opposite polarity, or 180° apart in phase. 


The source of grid bias for tubes V2 and V3 is the voltage drop across 
resistor Ry. The plate current for tubes V2 and V3 also flows through Ro. 
The series grid-cathode circuit for V2 consists of the top half of the Ty 
secondary and Ry. The series grid-cathode circuit for V3 consists of the 


% 
‘ 


J 


Figure 
13 


a 


bottom half of the T,; secondary and Re. The-signal voltage in each grid _ 


circuit is in series with the bias. 


As the upper end of the T, secondary becomes positive, the signal voltage 
opposes the bias, the grid of V2 becomes less negative, and V2 plate current 
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increases. Simultaneously, the lower end of the T, secondary becomes - 
negative, the signal voltage aids the bias, the grid of V; becomes more 
negative, and V3 plate current decreases. Because the plate current of one 
tube increases _as the plate current of the Other _ tube_ decreases, the total _ 
current. carried by R» remains almost constant. 


The path of V»2 plate current is from ground through Ro, from cathode to 
plate through the tube, and through the top half of the T, primary to +E. 
For V3, the plate current path is from ground through Re, from cathode to 
plate, and through the bottom half of the T, primary to +E). 


Since the primary of T2 is one continuous winding, the plate currents are in 
opposite directions and, therefore, set up opposing Thagnelic Telds, The 
magnetic field the current in it. 
However, in this case, when the plate currents are equal, the opposing 1 posing fields 


also are equal | and neutralize each other. Therefore, _the total Magnetic 


rrr ea nse 


flux is is Zero when both tubes are conducting equally. 


During one half-cycle of a signal voltage applied to the grid circuit of tube 
V;, the plate current of V2 increases and the plate current of V3 decreases. 
During the next half-cycle of the input signal, V2 plate current decreases and 
V; plate current increases. Due to these es_of plate current, the 


strength of the-magmetic Held around on one half of the T2 prim ary increases, 
while the magnetic field around the other _ha half of the T. primary decreases. 
As the fields combine, the total T primary winding flux equals the difference 
between Te TMs Romeuber ther the-oupostle changes 2 of 
the two fields cause the variations of total flux to be twice as great as the 
change in either field alone. 


The output signal obtained from_th ant flux field_is_twice—as—large 
as the output obtained from a single tube. A push-pull operation 
is most often U i istortion low. This circuit arrangement tends~ 
to cancel~any—out-of-phase signal distortion components that might be 
generated in an amplifier stage. 


CLASS B PUSH-PULL AMPLIFICATION 


To_obtain_ greater output from _a push-pull stage, it_can_be operated as a 


Class B amplifier. However, if the tubes are bi biased at the actual plate current 


cutoff, Class “operation becomes unsatisfactory” ‘for-an audio am ° or 
eee a I rae ue ee Mes Pe 3 
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for many other low-frequency applications because of the highly distorted 


BUipUrsignalsy> seu At RMT! Gin y) sere: 


To obtain linear operation from push-pull Class B amplifiers, they are 
operated as shown in Figure 14. Here, the negative grid bias is slightly 
less than cutoff so that a linear composite curve is obtained. Because the _ 


nonlinear portions of t nd V; tube curves are equal and opposite 


in curvature, a linear curve is attained for the output current, L.. 


1c 12 6 0) 6+ GRID VOLTS 


PLATE CURRENT-mA. 


18 — GRID VOLTS 


Figure 14 


Eyy is the signal in the primary winding of T, of Figure 13. V2 conducts 
more when E;y causes the signal in the top T,; secondary to swing positive 
with respect to the center tap. At the same time, the input signal to V3 
swings negative with respect to the T; primary center tap, which reduces 
the already small output current of V3 to zero. The positive-going signal 
to V2 drives the V2 grid from its no-signal point of —7 volts up to just under 
zero volts. This causes V2 to conduct heavily, and I, increases to 4 mA. 
When E;x reduces to zero, the V2 grid signal falls back to —7 volts and I, 
drops to zero. 


E;x now causes the signal to V2 to go more negative, and at the same time, 
the signal to Vs increases from below —7 volts up to a little below zero 
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volts. This causes the V3 plate current to increase, which results in an’ 


increase in I, to 4 mA. However, I, has increased in the opposite direction. 
Remember that I, is the total output current through the T. primary, which 
is the plate load for both V2 and V3. Because the current, I,, represents 
alternate increases in current from each half of the T: primary windings, the 
output from the T, secondary winding is developed from the combined V2 
and V; changes in plate current represented by I,. This results in an output 
signal that is much larger than the input. Eor a power amplifier, the input 


signals to V>-and Vz may vary by only a few mA , but the resultant | changes 


in current in the T. primary.can_vary_up_ to. several hundred. mA. 


plate current. line. ‘The grid voltage required _ ‘to ‘obtain ‘this “operating point 
is referred to as the PROJECTED CUTOFF BIAS (E,) of the tube. 


The projected cutoff bias shown in Figure 14 is 7 volts negative. With a 
7-volt peak input signal, the waveform of the plate current (as shown by 
the I, curve at the right of Figure 14) becomes an almost exact replica of 
that of the input signal voltage. Compared w with the Class A operation of 
Figure.13,.much—larger-input. -signals_can- be. applied. to-the— grids Without 
driving them positive. An output with low distortion and a large ‘Current 
swing -for large signal power can be obtained by operanhe on ‘the tinear 
composite- Sue, a a a Ce 


With Class B operation, much larger plate voltages may be applied without 
exceeding the plate dissipation, thereby. making possible larger signal power 
output. 


To ensure a smooth transition of output signal from one push-pull tube to 
the other, they are usually operated 1a little above cutoff, or between Class 


A and B. As explained earlier, this is called Class AB operation. 


AMPLIFICATION REQUIREMENTS 


The main purpose of an amplifier is to increase the magnitude of its input 
signal voltage or power. “However, in doing this task it is often important 
that certain waveform characteristics which occur are retained as the signal 
is amplified. It is good economy and common sense to build a low-frequency 
amplifier with the minimum number of components necessary to produce the 
desired quality of amplification. For many purposes the requirements are 
simple, and the circuit components either couple the signal from one tube to 
another or supply the correct voltages to each tube electrode. 


1076 
26 


“I~, 


a 


@a@~ 


VACUUM TUBE LOW-FREQUENCY AMPLIFIERS Q3 


The following Practice Exercise questions cover the subjects which you 
have just studied. They are: 


25. 


27. 


28. 


29. 


30. 


31. 


32. 


33. 


FREQUENCY RESPONSE 
TYPES OF COUPLING 
RESISTANCE COUPLING 
IMPEDANCE COUPLING 
TRANSFORMER COUPLING 
PARALLEL AMPLIFIERS 
~PUSH-PULL AMPLIFIERS 


CLASS B PUSH-PULL AMPLIFICATION 


What are the two functions of the coupling capacitor in an RC coupling 
circuit? 


. Briefly, how does the coupling capacitor in an RC coupling arrangement 


transfer the ac signal from the plate of one tube to the grid of the next? 


What components in the circuit of Figure 10 determine the low-frequency 
response and the high-frequency response? 


For a good low-frequency response, the R;C. time constant in the circuit 
of Figure 10 should be esi 


How does an impedance-coupled amplifier differ from an RC coupled 
amplifier? 


What is the maximum turns ratio for a transformer used in a transformer- 
coupled amplifier? 


Transformer coupling is often used for Class _______ amplifiers. 


How does the power output for a parallel amplifier compare to that of 
a single tube stage? 


What is the phase relation of the grid signals for the two tubes in a push- 
pull amplifier? 
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34. 


35. 


36. 


37. 


The total magnetic flux is zero in the plate transformer of a push-pull 
amplifier under no-signal conditions. True or False? 


Does push-pull operation increase or decrease distortion? 


Is the peak-to-peak output developed by a push-pull amplifier greater 
than that developed by a parallel amplifier? 


In a Class B push-pull amplifier, are the tubes operated exactly at cutoff? 
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For other applications, rather exact characteristics are specified. Additional 
components must therefore be added to the basic circuit to change its charac- 
teristics to those required. To explain the purpose of these additions, it is 
necessary to describe some of the important signal characteristics that must 
be preserved by these amplifiers. 


HARMONICS 


Musical instruments produce sounds by means of a vibrating element, such as 
a reed or string, which sets up sound waves in the surrounding air. These 
sounds (called notes or tones) have frequencies that are the same as the 
vibrating element which produced them. However, when played on different 
instruments such as a piano and violin, notes of the same “pitch,” or fre- 
quency, do not sound the same. 


Experiments have shown that differences in sounds of the same frequency 
are due to the number and magnitude of OVERTONES that’ a1 are generated. 
In electronics, the basic frequency of a tone is called the FUNDAMENTAL. 
The overtones, or HARMONICS, have frequencies that are equal to whole 
number multiples of the fundamental frequency. The fundamental is con- 
sidered to be the “first harmonic.” 


eR RA ORE PPPOE RL YT 


or “first harmonic.” Three times the fundamental frequency is the third 
harmonic, and so on. For example, frequencies of 1000, 1500, 2000 and 
2500 Hz are the 2nd, 3rd, 4th and 5th harmonics of a 500-Hz fundamental. 


Thus, the “second harmonic” has twice the frequency of the fundamental, 


Whenever two or more sinewaves of different frequencies are added, the 
resulting wave no longer is shaped like a sinewave. This is shown by the 
curves in Figures 15 and 16, where the sinewaves are dashed lines and the 
resultant wave is a solid line. In each case, the resultant wave does not 
resemble either of the original sinewave curves. 


Figure 15A shows the combination of a fundamental and its second har- 
monic. Notice that the amplitude of the harmonic is Jower 1 than that of the 


fundamental. The second harmonic~completes one cycle in the same time 
‘that the fundamental completes one-half of a cycle. 


The resultant curve is plotted by taking the algebraic sum of corresponding 
points on the two sinewaves. For example, at position A in Figure 15A, 
the amplitude of the second harmonic is zero. The resultant amplitude is 
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RESULTANT 
pixar FUNDAMENTAL 
t 


\ i} 


HARMONIC 


RESULTANT 


FUNDAMENTAL 


__4 SECOND 
7 “CHARMONIC 
/ \ 


Figure 15 


equal to the fundamental. At position B, the amplitudes of the fundamental 
and harmonic are equal but opposite in phase, and the resultant amplitude 
is zero. If the amplitude of either wave is changed, the resultant waveshape 
will also. change. 
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Another method of changing the shape of the resultant wave is accomplished 


ne nevnneng ae et 


by shifting the phase of the harmonic with respect to the fundamental. This 


45° with respect to the fundamental. The resultant wave is very different 
from that of Figure 15A. On the positive alternation of the fundamental, 
the fundamental and second harmonic add, producing a resultant amplitude 
which is larger than the fundamental. On the negative alternation of the 
fundamental, the fundamental and second harmonic oppose, producing a 
resultant amplitude which is less than that of the fundamental. 


RESULTANT 


FUNDAMENTAL 


Figure 16 


The third harmonic and the fundamental produce the waveform of Figure 16. 
In the same manner, higher harmonics can be added to the fundamental to 
produce various resultants. 


Several harmonics can be combined simultaneously with the fundamental to 
produce a very complex waveshape. It has been found that alternating 
current waves, regardless of shape, are composed of a fundamental anda’ 
number of harmonics. Each harmonic has a specific amplitude and phase 
relationship-in-respect- to the fundamental., The shape of any wave can be 
varied by adding or subtracting harmonics, or by varying the amplitudes or 
phases of the harmonics that are present. 


ony A terete 
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Some waveshapes contain only even or only odd harmonics. Other wave- 
shapes contain both even and odd harmonics. When_anac_wave contains 
high-amplitude odd harmonics, its positive and negative alternations will be 
symmetrical (have—the—same_shapes). When an ac wave contains high- 


amplitude even harmonics, its positive and negative alternations will not be 
symmetrical. . Ricpatneey 700 


erent tata et 


Since a single-tube amplifier operating Class B or AB gen 

waveform can be obtained by using a push-pull Class B or AB stage. The 
outputs of the push-pull stage combine” so that the even harmonics generated 
by the stage are canceled. As a result, a more symmetrical—waveform— 


appears af the push-pull stage ‘output 7) 


TYPES OF DISTORTION 


One major type of distortion, called HARMONIC DISTORTION or AM- 
PLITUDE DISTORTION, is caused by the generation of harmonics in the 
amplifier tube. If a Class amplifier is operated on the linear portion of 


‘the I,-E, tube characteristic curve, very_few of the undesirable harmonics 
are generated, and therefore, minimum distortion result: ;. In contrast, when 
a Class A amplifier is operated over a nonlinear portion of the I,-E, curve, 
the output is not an exact replica of the input voltage. Instead, part of the 
negative alternation of the input signal causes the tube to Operate on the 
lower nonlinear portion of the curve. The resulting distortion of the plate 
current waveform introduces new harmonics into the signal. The effect is 


somewhat like the flattened negative alternation of Figure 15B. 


INTERMO ATION (IM) DISTORTION is a form of amplitude distor- 


tion which may occur when more than one signal frequency is applied to 

the input of an amplifier. One type of intermodulation distortion occurs 

when two input frequencies are mixed together so that the higher frequency 

“rides on” the waveform of the lower frequency, as shown in Figure 17. 

Another type of intermodulation distortion is the generation of the sum and 

difference frequencies from the input frequencies, as explained in the fol- 

lowing example. If we apply 50-Hz and 3000-Hz signals to the input of an 

amplifier that produces intermodulation distortion, the amplifier output would 

contain the amplified original frequencies (50 Hz and 3000 Hz), along with 

Figure their sum (3000 Hz + 50 Hz = 3050 Hz) and difference (3000 Hz — 50 

17 Hz = 2950 Hz) frequencies. The amount, or percent, of IM_ distortion 
depends primarily on signal amplitude and how well the amplifier is desi 

A ‘ypicalaaiitig. amplifier; rioaially har aire ve mene dence a 

simultaneously applied to its input. If intermodulation distortion were not 

kept to a minimum, reproduction of music would be extremely unpleasant. 
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Another type of distortion, called EREQUENCY DISTORTION, may occur 
when some harmonics in the input signal are amplified a great deal more 
than others. 


Another type of distortion, called PHASE DI TORTION, may occur when 
the phase of some of the harmonics in the output differs from the phase of 
the harmonics at the input. If the phase shift of all of he harmonics is 


proportional to their frequency, no distortion results. 
tec i A A eens 


ANALYZER 
wes 


en tm 2s 


WH FREQUENCY LEVEL 


This instrument is designed to measure the intermodulation distortion in 
an amplifier. 
Courtesy Heath Co. 


INVERSE FEEDBACK 


Remember that, when the signal voltage drives the grid of a vacuum tube 
less negative (more positive), the plate current increases. Conversely, when 
the signal voltage drives the grid of a vacuum tube less positive (more nega- 
tive), the plate current decreases. 


With no input signal applied to a typical amplifier circuit, some definite 
level of plate current is carried by the plate load resistor and cathode 
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ra 
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resistor. This current causes a voltage drop across each of these resistors. 
The voltage drop across the cathode resistor may be held almost constant 
by the action of a cathode bypass capacitor. These components provide the 
necessary self- (cathode) bias. 


With no signal, the plate current does not vary and there is a fixed voltage 
drop across the tube between plate and cathode. When the signal voltage 
drives the grid in the positive direction (less negative), the tube becomes 
more conductive and the plate current increases. The higher plate current 
increases the voltage drop across load resistor Ry, but due to its greater 
conductivity, the voltage drop between the plate and cathode (within the 


tube) | decreases. Thus, compared wi ga “signal condi ion, as the grid 
becomes more positive, the ~plate ive, Or more negative, 


and ¢ this change is coupled bya pastor to the OF he next stag = the gri next stage. 


The reverse action also occurs. As the signal drives the grid more negative 

the plate current decreases, the drop across the load ad resistor decreases, and 

the drop between the f plate and cathode increases. Thus, com- 

pared with the 1 no-signal condition, as the grid becomes more “negative, | the 

plate becomes more positive. A change c voltage causes the grid and 

plate signal to vary in opposite directions, so that they a are 180° out-of-phase. 
ee ee een an es eRe an 


ATI 


When a number of stages are connected in cascade, this phase reversal occurs 
in each. succeeding | stage. In a two- -stage circuit, the output signal voltage 
stage. In a three-stage circuit, the output signal voltage is again 180° out- 
of-phase with the input. As a general rule for resistance-coupled amplifiers, _ 
with an odd number of stages, the input and output voltages are 180° ° out- 
of-phase,_ and with an even number of stages, the input and output ‘signal 


voltages. are_ in_phase. SOE. 


A portion of the output eae may be applied an to the input. ‘This 


a renee 
—— <n 


output. - This baldiaes up” process is Pawan REGENERATIN ED- 
BACK, _If the feedback is 180° out-of-phase, it partly neutralizes the input_ 


pe Sy ta enn i a ain IE 


voltage and causes a reduction of output. This reducing action is called_ 


aormeneacnenem ramen sins teemn a aca 


DEGENERATIV. E “FEEDBACK or INVERSE FEEDBACK. 


The interelectrode capacitance between the plate and grid of a triode tube 
causes some of the variations of voltage on the plate to be coupled back to 


the grid. In many cases this internal feedback is undesirable. Tetrode and 
pentode type tubes were developed to overcome this undesirable internal 
feedback. 


ce 
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However, both types of feedback do have certain advantages which find 
practical application. With gears ves tee coach ini Dias aon Oer uae 
to the signal voltage at the grid and is amplifie “the tube circuit. Large 
voltage variations-at the plate-result in greater feedback which is amplified 
further. This building-up process would continue indefinitely except for 
the limiting action of the tube and its _assOciatccCUCUILGNNIGa satllce 


A common application of regenerative feedback is in regenerative amplifiers. 
In this type of amplifier, a small amount of regenerative feedback is applied 
to the amplifier. This causes a large increase in amplifier gain. 


Very often,..sufficient regenerative feedback is developed to cause the ampli- 
fier to generate its own signal voltage. The frequency of this signal is deter- 
mined by the inductive and capacitive properties of the circuit and may 
differ considerably from the frequency of the applied signal voltage. This 
condition is detrimental in an amplifier where only voltage or power gain 


of the incoming signal frequencies is desired. 


Due to its 180° out-of-phase relationship, inverse feedback opposes and 
) reduces the applied signal voltage, thereby lowering the effective overall 
gain of the amplifier stage. However, the loss of amplification can be readily 
overcome by using higher gain tubes or adding another amplifier stage. 
Despite the disadvantage _of reduced amplifier gain, inverse feedback has 


the advantage of reducing amplitude distortion generated in that stage. 


Ge so 


In some circuits, part of the distorted output is fed back to the input out-of- 
phase with the incoming signal. The distortions are combined with the 
applied input and amplified along with the desired signal. But,_because_of_. 
their out-of-phase relationship, they tend to cancel the distortion generated 
in the amplifier. As a result, distortion in ‘the output is reduced consider- 


ably. 


With no distortion in the amplifier, the feedback causes uniform reduction — 


of all phases of the input signal. When distortion is present, the variations 
are fed back and cause unequal reductions of the input signal. Due to the 
out-of-phase relationship, a point of excess amplification on the output 
voltage waveform causes excessive reduction of the corresponding point of 
the input voltage waveform. With reduced-input-at-this_point, the output 
voltage will also be reduced, and the distortion is decreased. ae 


Degenerative feedback also lessens the effects of frequency distortion. If 
certain frequencies are amplified more than others, the feedback voltage 
® opposes and reduces them. Thus, those frequencies that obtain greater 


agen _— TT 


nie eae 
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Figure 
18 


amplification cause i ck voltage, which reduces the effective 
signal and tends to make the amplification more_uni ll frequencies. 


As a result, there is an increase in the range of frequencies over which the 
amplifier operates satisfactorily. An inverse feedback circuit also reduces 


phase distortion. ve “Stet Hwa seks 
a 


~ 


In the case of each type of distortion, however, the reduction occurs only 
for that distortion which was produced within the feedback connections, 
and not for any which was introduced by preceding stages. 


To_summarize, the advantages of inverse feedback are reduction of har- 


Seine 
a 


monic distortion, improved frequency response and reduction o phase dis- 
pl poet) Berta saan bocce ba 
tortion. Dart i 


—— 


Current Feedback 


A simple circuit providing inverse feedback is shown in Figure 18. Resistor 


R, is the self-bias resistor. The bypass capacitor is omitted to obtain the 
desired feedback action. Without the capacitor, the voltage drop across Ry 
varies with changes in plate current. 

ec .) a eo ee 


As explained previously, the voltage drop across the cathode resistor provides 
the negative grid bias in series with the input signal. Therefore, because the 
rid bi ries with the plate current, a portion of the output voltage is fed 
back to the grid, or input circuit, as a varying bias. With no signal on the 
grid, the plate current in resistor R; provides a voltage drop to bias the 
tube. When a positive signal pulse is applied, the grid becomes less negative, 
plate current increases, and the bias voltage developed across the cathode 
resistor increases. Since this increased bias tends to reduce the plate current, 
the current will not increase-as_much as when Ry has a bypass capacitor 
across it. on ree 


When a negative input pulse is applied, the grid becomes more negative and 
the plate current is reduced. This reduction of current decreases the bias . 
voltage. Therefore, the plate current is not reduced as much as when fixed 
bias is used. 


This variable bias is proportional to the input signal, and since it opposes 
the signal, the bias variation is negative feedback voltage. In this ci 


ge._In this circuit, the 
inverse feedback is developed by the changes in plate current, and therefore 
is known as CURRENT FEEDBACK. 


ee 
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Voltage Feedback 


The circuit of Figure 19 utilizes a different method for obtaining negative 
feedback. Here, bypass capacitor C2 is connected across cathode resistor Rg 
to maintain a uniform bias voltage, regardless of plate current changes. A 
series network consisting of Ri, C, and Re is connected from the plate to 
ground. 


Gapacitor C, blocks the dc component of the plate voltage, but for the ac 
component 1 rgh- ef with the output voltage across resistor 


Finer tn nn ee a a 


R,. With a long time constant, most of the ac plate voltage appears across 


the resistors. The resistor values are proportioned so that the desired frac- 
a ed of Bl ie ee ee en ea 


Starting at the cathode of tube V;, the grid circuit extends to the grid, 
through the secondary of transformer Tj, resistors Re and Rs and back to the 
cathode. Thus, any voltage developed across Rg is in series with the fixed 
bias across Rg and the applied signal across the T; secondary. At any instant 


the total grid-cathode voltage is equal to thes _these. voltages. 


When a negative pulse of signal voltage occurs, the grid becomes more 
negative and the plate current is reduced. With less plate current there is 
a lower drop across load resistor Ry and the plate voltage increases. Insofar 


SF +Eb, 


Figure 
19 


ies 


as the R,C,R» network is concerned, this increase of plate voltage acts as 


‘a positive pulse; therefore, esulting drop across Rz opposes the ied 
signal voltage. Jie Lai coon ted 
SR ee os as 


When a positive pulse of signal voltage occurs, the grid becomes less negative 
and the plate voltage decreases. This decrease of plate voltage is a negative 
pulse across the RyC,R, network. Again, the resulting voltage drop across 
Re opposes the applied signal voltage. In this circuit, the inverse feedback 


is lo e voltage, and is known as VOLTAGE 
FEEDBACK. 
TPS 


CATHODE FOLLOWERS 


The load_impedance of an_amplifier_is sometimes placed in the cathode 


circuit, usually between the cathode and ground. Such an arrangement-is- 
tetttid_a_grounded-plate amplifier, or more commonly, a CATHODE FOL- 


LOWER. aaa 
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The circuit of a typical cathode follower is shown in Figure 20. As shown 
in the figure, the plate of V; connects directly to the plate supply. This 
places the lates anal Biotic pOraumial , Thel eainodes ania ae gnal ground potential. The cathode load of V; is com- 
posed of Rp. Cathode bias for V; is developed across Rs. The output voltage 
is also developed across Re. 


Assume that the positive alternation of an input signal is applied to the grid 

of V,. This causes an increase in V, plate current. The increased plate 

current causes an increase in the voltage drop across Ry. From this action, 
> Ses 


—eenmnnanes 


we see that the input and output voltages are in phase. 


Degenerative (negati in the circuit due to the unby- 
passed condition of R:._ Thi rease in amplifier gain. Because 


all of the output voltage is fed back to the input by Ro, the voltage gain of 


a cathode follower is always less than 1. 
TB een a Se 


The degenerative feedback introduced in the circuit of Figure 20 also in- 
creases the effective input impedance of the circuit. Therefore, the cathode 
follo igh input impedance. The cathode load resistance is small, 


so that the cathode follower circuit fas‘a Tow output tmpedanee—Fhe cathode 


Tallower may then be used as a matching devi ween a high-impedance 


ut and a low-impedance output. Although it_has_no voltage gain>the 
ee follower does develop a power gain and is sometimes used as a 
OEE re iad ay ab eee GAO a 


power amplifier. 


DECOUPLING 


In-phase, , or regenerative, feed use_unstable operation 


ie - lifier. The regenerative feedback may cause the 


amplifier to generate an unwanted frequency which produces “singing” or 
“howling” if the unit drives a loudspeaker. ges feedback of this 


To ) prevent magnetic coupling, many transformers and other t inductive ‘com- 
ponents are are mounted in Metal housings, or “cans,” which act -as-shields. In 
other situations, connecting wires are enclosed in a metallic sleeve which 
serves as a shield to prevent unwanted inductive coupling. 


Coupling can occur when the signal voltages cause sufficient changes of 
plate current in one stage to produce corresponding variations of the power 
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The following Practice Exercise questions cover the subjects which you 
have just studied. They are: 


38. 


AMPLIFICATION REQUIREMENTS 
HARMONICS 
TYPES OF DISTORTION 
INVERSE FEEDBACK 
CURRENT FEEDBACK 
VOLTAGE FEEDBACK 


CATHODE FOLLOWERS 


What is meant by the term “harmonic”? 


39. What is the first harmonic of a 2000-Hz fundamental? 

40. What is the fifth harmonic of a 50-Hz fundamental? 

41. Push-pull operation eliminates —_____—§ harmonics. 

42. Describe what is meant by harmonic distortion, frequency distortion 
and phase distortion. 

43. Intermodulation distortion is a form of ———HW— distortion. 

44. One type of IM distortion generates and 
frequencies from the —_______—_ frequencies. 

45. What is the difference between regenerative and degenerative feedback? 

46. What are some of the advantages and disadvantages of degenerative 
feedback? 

47. What type of feedback is provided by an unbypassed cathode bias re- 
sistor? 

48. What components in the circuit shown in Figure 19 provide the negative 
feedback? 

49. In a cathode follower, the output signal is 180° out-of-phase with the 
input signal. True or False? 
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50. A cathode follower has a __________ input impedance and a 
output impedance. 


51. The voltage gain of a cathode follower is always less than 1. True or 
False? 
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supply voltage. Connected to the plate circuits of preceding stages, variations 
of the power supply voltages are amplified and cause even greater changes 
of plate current. Feedback of this type is regenerative, and therefore, it too 
can produce distortion and howling. 


One method for preventing feedback through the power supply is called_ 
DECOUPLING. A typical arrangement of a low-pass RC network is shown 
in Figure 21. Generally, the time constant is long at the lowest signal fre- 
quency. Resistor Re is connected in series with the +E,, lead, and the 
capacitor, C2, is connected from point A to ground. 


charges capacitor C, to a_ higher voltage. The charging circuit is from capaci- 


a 


= See 47 Eee ees 
tor C2 through resistor R2 and the power supply, from +E,, to ground and 


As the plate _c i the drop_across resistor R» increases_and 


lowers the potential at point A. Therefore, capacitor C2 partly discharges. 
The plate current of tube V: divides at point A; part of it discharges capaci- 


— - a a 
tor C. and the remainder passes through resistor Ro. 
Se Sa ——_O—O—O—O—O—ee——————xRRgvwxwlll— rr — OOO 


When _the plate current decreases, capacitor C. charges, and the charging 
current tends to maintain the total current constant in Re. When the plate 


current increases, part of it is supplied by the discharge of C2, and again 
thé change in the total Ry current is reduced. Thus, the charge and discharge 
currents tend to maintain a constant current in R», and therefore, a constant 
potential at point A. Because it removes thé ac component of the plate 


current from resistor Ro, C2 is sometimes called-a bypass_capacitor._ Do not 


coufuse-thisterm with the name given to C,, the cathode bypass capacitor. 
There are two current paths in the circuit of Figure 21. There_is a dc path 
from ground through R:, tube Vi, the primary of transformer_Ty,_and Ry” 
to Ec aes comoneneaeacm ion the tube, its path can be 
traced from ground through Ci, tube Vi and the primary of T,, and through 


TRANSFORMER PHASE INVERSION 
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causes the signal voltage on the grid of tube V, to be 180° out-of-phase with 
the signal on the grid of Ve. Far..this type of circuit, the generation of out- 
of-phase voltages is known as PHASE INVERSION. 


—_— 
ica SS ns 


Due to the economy-in-beth-weight-and_cost, itis. often desirable to provide 


the necessary phase - inversion by using resistors instead-of tr sformers. There 
are several types of PHASE INVERTER circuits which roducs There te 
conditions, Dut in general, they can be classed as (1) split plate load and-(2) 


Split grid load. 


SPLIT PLATE LOAD PHASE INVERSION 


A typical circuit of a SPLIT PLATE LOAD PHASE INVERTER is shown 
in Figure 23. The load resistance_ of input tube V, is divided into two parts: 


R, in the plate section, and in_the cathode section. Resistor R, and 


capacitor C, provide the grid bias for tube Vj. 


The grid of tube V, is coupled to the plate of V, by capacitor C3, and the 
grid of tube V3 is coupled to the cathode end of resistor Rg by capacitor Cr 


Figure 23 
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ince it is necessary to have equal magni _applied_to_the opposite 
control grids, Ry is equal to R3, Cs equals Cy, and R; equals Re. Usually, 


ees aeroee the ByRES on Ss er 
any_signal voltage across the bypass capacitor C; is not large enough to cause 
nee cent nL Oe tt A CC nA SEAT nT Nn 


appreciable unbalance. 


Tracing the plate circuit of the input tube, the path of the electrons is from 
ground through resistors R3 and Re, through V; from cathode to plate, and 
back through resistor Ry to +E,»,. Since the grid circuit is connected to the 
junction between resistors R and Rs, the negative grid bias is developed by 
the R2C2 circuit. 


Assuming the circuit is in operation, but with no signal input, there is a 
steady plate current which causes voltage drops across resistors Rg, Re and 
R, so that capacitors C2, C3 and Cy, are charged. Notice that Soe Shea C3 
nects from the cathode end of Rs through Re to ground. es 


When a signal voltage drives the grid of V; less negative, the V; plate current — 


increases, causing the voltage drops across R3 and R, to increase. This in- 
creased voltage drop causes the cathode end of R3 to become more positive 
with respect to ground and increases the voltage across capacitor Cy. To 
balance this increase, electrons flow from ground through Rg to capacitor C4. 
This charging current develops a voltage drop in Rg which drives the grid of 
V3 less negative with respect to its cathode. 


with respect to anne a capacitor tischarge ficiently to balance 
——— 
the decrease. To obtain this balance, electrons forced from Cz; through R; 


2h Restate Tee 
develop a voltage , drop across R; which drives the grid of V2 more negative 


with respect to its cathode. 


$$, 


The signal voltages applied-to-the-grids-of.tubes V2. and V3 are 180° out-of- 
phase, and therefore, their plate signal voltages are also 180° out-of-phase 
for proper push: -pull operation. “operation. When using beam power tetrodes or 
pentodes, the screen grids are n grids are connected directly to +E», at the output 
transformer primary center tap, as shown in Figure 23. 


SPLIT GRID LOAD PHASE INVERSION 


Another phase inversion method, called the SPLIT GRID LOAD circuit, 
uses the opposite phase relations between the ac grid and plate voltages of 
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off a part of the output voltage equal to that of f the Ha two aren voltages 


of the correct | phase T relationship and amplitude . are obtained for push-pull 
operation. KS eee 


eee 


A circuit using this method is shown in Figure 24. The output voltage of 
V is applied to the grid of V3 through coupling capacitor C3. A portion of 
the output voltage of V, is also applied to the grid of V2 from the movable 
contact of potentiometer R;. The output voltage of V2 is applied through 
coupling capacitor C, to the grid of V4. 


FEbp, +Ebbs 


Figure 24 


An increase of V; plate current reduces its plate Tag ay acre Feo 
capacitor 3 to discharge slightly. € resultant voltage-dfop across resistor 
é grid of V3; more negative with respéc t 


aT the voltage drop between the movable-contact of R, and ground 
s applied to the grid ‘Ol; Vez ae ease of ple eaten Tib Ten i 

& its cathode, causing a decrease of its plat See encom in is reduction in 

current incréases the plate voltage of V2, forcing coupling capacitor fing capacitor C, to 


charge. "The resultant voICage aTOp actoss resistor Ry chives the grid oF-V, 
less negative with respect to its cathode. 
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The output voltage of V2 is made equal to the output voltage of Vi by 
adjusting the movable contact of R;. For example, if the voltage amplifica- 
tion of V; and Vz is 10, the movable contact of R; is adjusted to supply one- 
tenth of the ac voltage across R; to the grid of V2. To balance the circuit, 
the value of Rs is chosen so that it is equal to the value of Ru, Cs is equal to 


ee ener 


C,, and R; is equal to Rg. Under these conditions, the voltage across Rg is 


a ee eames 


equal in magnitude to the voltage across R;. The signal voltage inputs to 


a 


the push-pull grids of V3 and V4 are équal in magnitude and 180° out-of- 
phase. 


AN AUDIO-FREQUENCY AMPLIFIER 


Figure 25 is the complete schematic diagram of a simple amplifier, which 
incorporates several features explained in this lesson. Since no interstage 
transformers or chokes are indicated, resistance coupling is employed be- 
tween the stages of the amplifier. 


Briefly, the power supply is of the full-wave type, and rectification is ac- 
complished by the diodes D, and D». The rectified output is filtered by a 


modified form of RD network. In the_plate supply circuit of tube Via, the 


47K resistor and 1 uF capacitor form a decoupling network. 


Tube V; is a duotriode. To simplify the drawing, and as an aid in following 
the signal, the tube symbol is split into portions labeled Vi, and Vis. In the 
diagram, these may be considered as two separate electron tubes, even though 
they are contained in the same envelope and have a single heater. 


Following the signal from the MIKE input, audio-frequency voltages appear 
across the 5 MQ grid load of Via. These signal voltages alter the bias on 
the tube, causing changes of plate current. The changes of current through 
the 220K plate load resistor provide the ac voltage or signal, which is 
coupled through a .01 pF capacitor to the grid load of Vis. The 1 MQ 
potentiometer grid load is used as a volume control. Used as a variable 
voltage divider, the potentiometer applies a portion of the signal voltage ap- 
pearing at the output of V,, to the grid of Viz. From the output of Vis, 
the signal is coupled to the input circuit of the beam power output tube, 
V,. From the output of V2, the signal is then coupled by an output trans- 
former to the loudspeaker, shown by the symbol at the right top portion of 
the figure. 


Following the signal from the PHONO input, audio-frequency voltages are 
applied through the 100K resistor directly to the upper terminal of the volume 
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Figure 25 


control. The reason for skipping a stage of amplification is because the 
output signal voltage of the phono pickup used is much greater than the out- 
put signal voltage of the particular microphone used with this amplifier. 
Usually, the output voltage of a microphone is much lower than the output 
voltage of a crystal or ceramic phono pickup. The 100K resistor and .001 
uF capacitor in the phono circuit form a low-pass filter to suppress some of 
the annoying high-frequency needle scratch caused by the pickup. From 
the volume control, the path of the phono signal is the same as that explained 
for the mike signal. 


Via employs contact bias since the input resistance of 5 MO is large enough 
to cause a voltage drop of one or two volts. Vi, employs self-bias through 
the action of the parallel combination of the 10 »F capacitor and the 10 ko 
resistor. The 470 resistor in the cathode circuit is not effective in providing 
an appreciable bias, however. It is part of a voltage divider that consists of 
the 479 resistor and the 10000 resistor between the ungrounded output 
transformer secondary terminal and common ground. This divider provides 
voltage feedback. 


In Figure 25, the source of the signal voltage for the speaker is the secondary 
of the output transformer. No blocking capacitor is required since this signal 
source does not carry any dc. Voltage appearing across the 470 resistor 
provides about 5% feedback for improving the reproduction characteristics 
of the amplifier. Use of the unbypassed bias resistor in the cathode circuit 
of Ve results in current feedback. 
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The following Practice Exercise questions cover the subjects which you 
have just studied. They are: 


52. 


53. 


54. 


55. 


56. 


57. 


58. 


59. 


DECOUPLING 

TRANSFORMER PHASE INVERSION 
SPLIT PLATE LOAD PHASE INVERSION 
SPLIT GRID LOAD PHASE INVERSION 


AN AUDIO-FREQUENCY AMPLIFIER 


Metal shields are sometimes used to house inductors to prevent mag- 
netic coupling. True or False? 


It is desirable for changes of plate current in one amplifier stage to pro- 
duce corresponding changes of power supply voltages. True or False? 


What is meant by the term “decoupling”? 


R, and C,, shown in Figure 21, serve as a ___-pass filter. 


In Figure 22, the signal voltage applied to the grid of V; is 180° out- 
of-phase with the signal applied to the grid of V. because of (a) the 
C,R, network, (b) the T, secondary center tap, (c) the T, primary center 
tap. 


The most economical way to achieve phase inversion in an amplifier 
stage is to use a transformer. True or False? 


How does a split plate load phase inverter develop the 180° out-of- 
phase output signals? 


In the circuit shown in Figure 23, the cathode load resistor of V, is 
(a) Rs, (b) Rs, (c) Ru, (d) Ri. 
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60. In the circuit shown in Figure 24, is the signal at the grid of V. in phase. 
or 180° out-of-phase with the signal at the plate of V,? 


61. 
Ce 
v| Vo 
Rz T 
O ms 
= E 
C4-~¢ : 
Rs — 
| Ra 3 
C) 
Rg 
= Rz 
+tEpp Epp 
b 


In the above circuit: (a) Give two functions of resistor R.. (b) Does 
resistor R; provide voltage or current feedback? (c) What is the func- 
tion of capacitor C;? (d) For what two purposes is capacitor C, used? 
(e) What is the C,R, combination called? (f) What type of interstage 
coupling is used? (g) What type of bias is used for the V. stage? 


(org 
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If a suitable phase inverter and push-pull output stage had been used in this 
circuit, additional power output could be obtained. Thus, depending upon 
the service required, many circuit arrangements are possible to serve as low- 
frequency amplifiers. Yet, when the circuits are carefully analyzed, most of 
them fall within the various categories explained in this lesson. 


SUMMARY 


Signal frequencies between 0 Hz and 100,000 Hz are amplified by low- 
frequency amplifiers. Low-frequency amplifiers may be used as voltage or 
power amplifiers, depending upon the tubes and circuitry used. 


Amplifiers are classed according to the length of time that plate current 
exists during the input cycle. In Class A operation, there is plate current for 
the full input cycle. In Class B operation, plate current exists for 180° of 
the input cycle. The efficiency of a Class B amplifier is greater than that of 
a Class A amplifier. 


To increase the power output of an amplifier, its tubes may be operated in 
parallel or push-pull. Push-pull operation provides a greater power output 
with lower distortion than can be obtained with parallel operation. Phase 
inverters are used to supply the 180° out-of-phase signals required by a 
push-pull stage. Among the most common phase inverters are the split load 
and the center-tapped input transformer types. 


Low-frequency amplifier stages may be either resistance, impedance or 
transformer coupled. Resistance coupling is the most common method since 
it provides relatively uniform frequency response with low cost, weight and 
size. 


When part of the output signal of an amplifier is fed back to the input 180° 
out-of-phase with the input, the feedback is called negative, or degenerative. 
Its purpose is to reduce distortion produced by the stages of an amplifier 
within the feedback loop. The advantages of inverse feedback include: the 
reduction of harmonic distortion, an improved frequency response and a 
reduction of phase distortion. 
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IMPORTANT DEFINITIONS 


AMPLITUDE DISTORTION — A form of distortion in low-frequency 
amplifiers, in which harmonics of the input signal are generated in the 
amplifier and appear with the signal at the output. Also called HAR- 
MONIC DISTORTION. 


CASCADE STAGES — The connection of two or more amplifiers with the 
output of one stage fed to the input of the next. 


CATHODE BIAS — The use of the voltage drop across a resistor in the 
cathode circuit as a source of grid bias. Also referred to as self-bias. 


CATHODE BYPASS CAPACITOR — A bypass capacitor placed across the 
cathode bias resistor to keep the bias constant. 


CATHODE FOLLOWER — A common plate amplifier in which the load 
resistor is located in the cathode circuit. 


CLASS A AMPLIFIER — A circuit in which the tube is biased so that it 
conducts throughout the full 360° of the grid voltage cycle. 


CLASS AB AMPLIFIER — A circuit in which the tube is biased so that it 
conducts for more than half, but less than the entire grid voltage cycle. 


CLASS B AMPLIFIER — A circuit in which the tube is biased practically 
to cutoff, and therefore conducts during approximately 180° of the grid 
voltage cycle. 


CLASS C AMPLIFIER — A circuit in which the tube is biased beyond 
cutoff, and therefore conducts for less than 180° of each grid voltage 
cycle. 


CONTACT BIAS — The use of a very high value resistance in the grid 
circuit of a tube to develop a bias voltage which results from the minute 
grid current that flows. 


CURRENT FEEDBACK — Feedback caused by changes of plate current. 


DECOUPLING — The reduction of the transfer of energy from one circuit 
to another through the power supply, usually by means of low-pass 
filters. 


DEGENERATIVE FEEDBACK — The transfer of energy from one point 
back to a previous one in a circuit so that the signals are out-of-phase 
with each other. Also known as inverse or negative feedback. 
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IMPORTANT DEFINITIONS (Continued) 


DISTORTION — In electronics, any unwanted change in the output wave- 
form as compared to the input waveform. 


FEEDBACK — The transfer of energy from one point in an electric circuit 
to a preceding point. 


FIXED BIAS — A grid bias arrangement where a fixed value of voltage is 
derived from a power supply or battery. 


FREQUENCY DISTORTION — The distortion introduced into a signal 
when some frequency components are amplified more than others. 


FREQUENCY RESPONSE — The range of frequencies that receives equal 
amplification by a circuit. 


FUNDAMENTAL — The lowest frequency of a complex sound or signal. 
It is usually the largest in amplitude. 


GRID-LEAK BIAS — A bias arrangement where the input signal drives the 
grid positive, charging a capacitor. The discharge of the capacitor 
through the grid circuit resistance develops the bias voltage. 


HARMONICS — Frequencies which are whole number multiples of a funda- 
mental frequency. 


HARMONIC DISTORTION — See AMPLITUDE DISTORTION. 


IMPEDANCE-COUPLED — An interstage coupling arrangement resem- 
bling RC coupling in which a choke coil is used instead of the load 
resistance. 


INTERMODULATION DISTORTION — A form of amplitude distortion 
that may occur when two or more input frequencies are simultaneously 
amplified. 


INVERSE FEEDBACK — See DEGENERATIVE FEEDBACK. 


NEGATIVE-LEG BIAS — A bias arrangement where a resistance is placed 
in the negative lead of the power supply to develop the bias voltage. 


PARALLEL OPERATION — Two or more tubes connected in a circuit so 
that the grids, the plate and the cathodes are respectively connected to 
the same circuit elements. 


PHASE DISTORTION — The distortion introduced into a signal when the 
relative phase between components of different frequencies is changed. 
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IMPORTANT DEFINITIONS (Continued) 


PHASE INVERSION — The method whereby two equal signals which are 
180° out-of-phase with each other are obtained from the same signal. 


PHASE INVERTER — A circuit designed to obtain phase inversion. Also 
called a phase splitter. 


POWER AMPLIFIER — An amplifier primarily designed to increase the 
power of the signal applied to its inputs. 


PROJECTED CUTOFF BIAS — The bias of the Class B amplifier deter- 
mined by projecting the linear portion of the tube I,-E. curve to where 
the composite curve crosses the zero plate current line. 


PUSH-PULL AMPLIFIER — A two-tube amplifier circuit consisting of one 
tube connected so that it is electrically 180° out-of-phase with the 
other tube. This arrangement is used to improve the linearity of the 
combined characteristic I,-E, curve. Properly operated, the push-pull 
amplifier provides increased power output with reduced distortion. 


REGENERATIVE FEEDBACK — The transfer of energy from a point in 
a circuit to a preceding point so that the signals are in phase. 


RESISTANCE-CAPACITANCE (RC) COUPLING — An interstage coup- 
ling arrangement employing resistors and capacitors. Also called 
RESISTANCE COUPLING. 


RESISTANCE COUPLING — See RESISTANCE-CAPACITANCE (RC) 
COUPLING. 


SELF-BIAS — See CATHODE BIAS. 


SPLIT PLATE LOAD PHASE INVERTER — An amplifier stage with load 
resistors in the plate and cathode circuits. 


TRANSFORMER-COUPLED — An interstage coupling arrangement em- 
ploying a transformer. 


VOLTAGE AMPLIFIER — An amplifier designed to increase the voltage 
of a signal. 


VOLTAGE FEEDBACK — Feedback caused by changes of plate voltage. 


VOLTAGE GAIN (A,) — A ratio between the output and input voltages of 
an amplifier. 
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ESSENTIAL SYMBOLS AND EQUATIONS 


Ay Voltage gain 

Ew Input voltage (volts) 

Eo Output voltage (volts) 

I, Input current (amperes) 
I, Output current (amperes) 
P, Input power (watts) 


P, Output power (watts) 


Ry Plate load resistance (ohms) 
Ip Internal plate resistance (ohms) 
m Amplification factor 
Eo 
Ay == 1 
Ue sR (1) 
x Ri 
Av ee ee 
y SERE 2, (2) 
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11. 


12. 


PRACTICE EXERCISE SOLUTIONS 


The voltage gain (Ay) of an amplifier is equal to Me 
IN 


The voltage gain is 20: 


Eo 30V 


Ay = —=——=r 
YR, MLS V. 


20. 


The voltage gain is 74: 


BX Re. 1K 107 x Dx 10S 105 


jo, =e Oe a EO Se 
YR. +r, 10 x 104 + 3.5 x 10% ~ 13.5 x 104 


— 7.4 x 10! 
=— 74, 


A voltage amplifier is used to increase only the voltage level of a signal. 
A power amplifier, on the other hand, increases the power (voltage x 
current) level of a signal. 


The difference between the amplifier classes is the length of time plate 
current flows during the input signal cycle. In a Class A amplifier, plate 
current flows for the full input cycle (360°). In the Class B amplifier, 
plate current flows for one half the input cycle (180°). In a Class C 
amplifier, plate current flows for less than one half the input cycle. 


The input signal level and value of bias voltage determines if operation 
is confined to the linear portion of the characteristic curves. 


The negative alternation will be distorted, since the negative alternation 
of the input signal will drive the tube into cutoff. 


The efficiency of an amplifier is the ratio of signal power output (product 
of output signal voltage and current) to the dc input power from the 


power supply (product of plate current and plate voltage). 


The efficiency of a Class A amplifier is approximately 25% for triodes 
and 30% for tetrodes and pentodes. 


The bias for Class B operation is set so that the operating point is at 
cutoff. 


Yes — A Class B amplifier can handle a larger signal than a similar 
Class A amplifier. 


The efficiency of a Class B amplifier is between 50 and 65%. 
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tle 


PRACTICE EXERCISE SOLUTIONS (Continued) 


13. A Class AB amplifier is an amplifier in which plate current exists for 
more than 180° but less than 360° of the input signal cycle. 


14. Yes — The subscript 2 indicates that grid current is being drawn. 
15. fixed SUB EEN 


16. No—Fixed bias is generally used in Class B and Class C amplifiers 
where operation is at or beyond plate current cutoff. 


17. Plate current flowing through the cathode resistor develops a voltage 
drop which makes the grid negative with respect to the cathode. 


18. C, keeps the cathode bias constant by serving as a cathode bypass 
capacitor. 


19. long — With a long time constant, the cathode voltage will remain con- 
stant under signal conditions. 


20. The bypass capacitor reactance should be 1/10 of 250 ohms, or 25 
ohms. 


21. The bias is developed by the discharge of C, through R,. C, is charged 
when the input signal drives the grid of V, positive, developing grid 
current. 


22. True —A contact potential bias arrangement requires a grid resistance Rea 
on the order of 10 Mo. ea 


23. The value of the cathode bias resistor is equal to: 


eee 2 as 2 
“~T, +12 10x 10°4+2x 102 12x 10° 
— .167 x 103 
= 167 ohms. 


24. The reactance of C, should be 1/10 the value of R.: 


2nfXo 6.28 x 1 x 10? x 1.67 x 101 10.5 x 10° er 
= .095 x 10° wee 
— 95 iF. ey 
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PRACTICE EXERCISE SOLUTIONS (Continued) 


25. 


26. 


27. 


28. 


29. 


30. 


31. 


32. 


33. 


34. 


35. 


36. 


37. 


38. 


The coupling capacitor blocks the de voltage from the plate of the pre- 
vious stage and transfers the amplified ac signal to the grid of the next 
stage. 


As the plate voltage increases and decreases, the coupling capacitor 
charges and discharges through the grid load resistor of the next stage. 
The voltage developed across the grid load resistor serves as the input 
signal to the next stage. 


The low-frequency response is determined by the values of C2 and R;. 
The high-frequency response is determined by the value of the shunt 
capacitance, Cx. 


long — Since the coupling circuit is basically a high-pass filter, the 
circuit time constant must be long to pass the low frequencies. 


An impedance-coupled amplifier employs an inductance for the plate 
load whereas an RC coupled amplifier employs a resistor for the plate 
load. 


Generally, the maximum turns ratio is 3:1 step-up. Distributed capaci- 
tance and losses limit the turns ratio. 


B — The grid current drawn by a Class B amplifier requires a low 
driving impedance which can easily be provided by a step-down trans- 


former. 


The power output from a parallel amplifier is twice that of a comparable 
single stage. 


A push-pull amplifier requires 180° out-of-phase grid signals. 


True — Under no-signal conditions the magnetic flux developed in each 
half cancels. 


Push-pull operation reduces distortion due to the canceling effect. 


Yes — A push-pull amplifier develops a larger peak-to-peak output than 
a parallel amplifier. 


No — They are operated slightly above cutoff to prevent distortion of 
the output signal. 


A harmonic is a frequency which is a whole number multiple of the 
fundamental frequency. 
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PRACTICE EXERCISE SOLUTIONS (Continued) 


39. 


40. 


41. 


42. 


43. 


44. 


45. 


46. 


47. 


48. 


49. 


50. 


Si. 


52. 


53. 


2000 Hz. — The first harmonic is the fundamental frequency. 


250 Hz. — The first harmonic is 50 Hz; the second is 100 Hz; the third 
is 150 Hz; the fourth is 200 Hz; and the fifth harmonic is 250 Hz. 


even — The combining action of push-pull operation cancels the even 
harmonics. 


Harmonic distortion refers to the generation of harmonics from a funda- 
mental signal as it is amplified. Frequency distortion occurs when some 
harmonics are amplified more than the other harmonics. Phase distor- 
tion occurs when some harmonics have different phase shifts than other 
harmonics. 


amplitude 

sum; difference; input 

With regenerative feedback, part of the output signal is applied back 
to the input so that it aids the input signal. Regenerative feedback re- 
sults in an increase of the output signal amplitude. Conversely, with 
degenerative feedback, part of the output signal is applied back to the 


input so that it opposes the input signal. Degenerative feedback results 
in a decrease of the output signal amplitude. 


Degenerative feedback increases the frequency response and reduces 
distortion. However, degenerative feedback reduces the stage gain. 


An unbypassed cathode resistor provides negative current feedback. 
R,, R. and C, provide the negative voltage feedback for the stage. 
False — The input and output signals are in phase in a cathode follower. 


high; low — A cathode follower can serve as an impedance matcher to 
match a high impedance to a low impedance. 


True — Due to the large amount of inverse feedback, the voltage gain 
of a cathode follower is always slightly less than one. 


True 


False — Variations of power supply voltages are amplified by the fol- 
lowing stages, causing even greater variations of plate current. This 
results in distortion of the amplified signal frequencies. 
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PRACTICE EXERCISE SOLUTIONS (Continued) | 


54. 


55. 


56. 


57. 


58. 


59. 


60. 


61. 


Decoupling refers to the use of filter networks to prevent feedback 
through the power supply. 


low — The R,C, decoupling network serves as a low-pass filter. The 
network will pass the power supply voltage and attenuate the signal 
frequencies. 


(b) the T, secondary center tap. 


False — Due to the economy in both weight and cost, it is often de- 
sirable to provide the necessary phase inversion by using resistors and 
capacitors instead of transformers. 


A split plate load phase inverter employs a load resistor in both the 
cathode and plate circuits. The signals developed in the cathode and 
plate circuits are 180° out-of-phase with each other. 


(b) R3. — Rz is used to develop the cathode bias. R, is the plate load 
resistor. R, is the grid load resistor. 


The signal at the grid of V. is in phase with the signal at the plate of 
V;, since a portion of the signal at the plate of V, is used as the input 
signal applied to the grid of V2. 


(a) Resistor R, develops the grid bias voltage and provides negative 
current feedback. (b) Resistor R; provides voltage feedback. (c) Capac- 
itor C; maintains a steady grid bias voltage. (d) Capacitor C. couples 
the signal from V, to V. and blocks dc from the grid of V.. (e) The 
C,R, combination is called a decoupling network. (f) Resistance coup- 
ling is used for interstage coupling. (g) Cathode (self-) bias is employed 
in the V2 stage. 
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NOTICE: To keep our lessons up-to-date, we add material to the texts from time to time, and make occasional 
changes in the examination questions. Therefore, when checking your answers with this check sheet, look at the 
code LETTER (A, B, C, etc.) on your examination sheet to determine which of the following groups of answers apply 
to the lesson which you have. 


i076B 


1. B- THE DURATION OF PLATE CURRENT IN A CLASS A AMPLIFIER IS -- SOU. 
A Class A amplifier is biased so that plate current flows for 360° of the input signal cycle. 


2...C.- SUPPOSE THATIN THE CIRCUIT OF FIGURE 6, Ry, HAS A VALUE OF 47 k} AND THE VOLTAGE 
DROP ACROSS Ry, IS 100 VOLTS. WHAT IS THE GRID BIAS VOLTAGE IF Rj HAS A VALUE OF 1 kg? -- 2.13 


| VOLTS, 
To determine the grid bias, the plate current is first determined: 
ERq, 
hea = 2.13 1072 = 2,13 mA 
| eee eek 
1 The grid bias voltage is therefore: 


E. = ig XR, = 2.13% 107? wT x 107 = 2.13 volts. 


3. D- COMPARED TO CLASS A, CLASS B OPERATION OF A TUBE -- PROVIDES AN INCREASE IN EF- 
2, FICIENCY. 
| Class A operation provides an efficiency of about 25% to 30%. Class B operation provides an efficiency of about 
50% to 65%. 


| 4, A- THE PURPOSE OF C, IN FIGURE 6 IS TO -- PREVENT DEGENERATIVE FEEDBACK, 
3. When the cathode bias resistor is unbypas sed, negative or degenerative current feedback is introduced. This 
reduces gain but lowers distortion and improves frequency response. 


5, B- FOR GOOD LOW-FREQUENCY RESPONSE IN THE CIRCUIT OF FIGURE 10, -- THE C>R3 TIME CON- 
STANT SHOULD BE LONG. 
4 C2 and R3 forma high pass filter. To provide minimum attenuation at low frequencies, the time constant should 
5 be long. 


6. B- INA PUSH-PULL AMPLIFIER -- EVEN HARMONIC DISTORTION IS CANCELLED. 
The combining action of push-pull operation cancels even harmonic distortion, This action also cancels the 
steady state magnetic flux in the output transformer. 


7, C- THE PHASE RELATIONSHIP BETWEEN THE INPUT SIGNAL AND OUTPUT SIGNAL IN THE CIRCUIT 
OF FIGURE 20 IS -- 0°. 
In a cathode follower circuit, the input and output signals are in phase, 
6. 8. D - THE CALCULATED VOLTAGE GAIN OF A STAGE. LIKE THAT OF FIGURE 1 WHEN Ry, = 10,000 OHMS, 
ip = 20,000 OHMS AND p = 30 IS -- 10, 
The voltage gain of a triode amplifier is equal to 
; pRE 30 x 1x 104 30 x 104 
Ay = = Sa Le Le EN eee a 4 = ———— = 10. 
7 RiahTre bxalor angc54° 3X 104 
9. D- THE CIRCUIT OF FIGURE 23 EMPLOYS A -- SPLIT LOAD PHASE INVERTER. 
The Vy stage serves as a split load phase inverter to supply the required 180° out of phase signals to the push- 
pull stage. 
8. 10, C - DEGENERATIVE FEEDBACK -- REDUCES GAIN. 
Although degenerative feedback reduces gain, it also reduces distortion and improves frequency response. 
9. All explanations are the same as for 1076B except those given below. 
5, B- FOR GOOD LOW FREQUENCY RESPONSE IN THE CIRCUIT OF FIGURE 11, -- THE C5R3 TIME CON- 
STANT SHOULD BE LONG. 
Cz and R3 form a high pass filter, To provide minimum attenuation at low frequencies, the time constant should 
10 be long. 
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EXPERIMENT 6 


CLASS A AND B VACUUM TUBE AMPLIFIERS 


PARTS NEEDED 


1 - Complete Design Console 1 - 1 MQ Potentiometer with Bracket 
1 - Multimeter with Test Leads and and Leads 
Spring Adapters 1-1, 1/2 W, 20% Resistor 
1 - 9-Pin Tube Socket with Leads 1 - 100 k2, 1/2 W, 20% Resistor 
11 - Modular Connectors 2 - Tri-mounts 
l«- 12ZAU7 Tube - No. 22 Solid Hookup Wire 
OBJECTIVE 


The class of operation in a vacuum tube amplifier circuit is dependent upon the 
value of grid bias. In this experiment you will observe the basic characteristics 
of Class A and Class B common-cathode amplifier circuits. The variable lew 
voltage power supply on the design console will be used to vary the bias and thus 
set the class of operation. 


PART 1 
PROCEDURE 
CLASS A AMPLIFIERS 


1, Set up the circuit of Figure 6-1 following the layout of Figure VAD se 
controls the input signal level, Set the shaft on R fully counterclockwise and 
set the ADJUST FREQ. control to mid-range, 5. Rotate the ADJUST VOLTAGE 
control fully counterclockwise and turn on the design console, The regulated 
low voltage power supply should be set to 30 volts, Allow a 5 minute warm up. 


2. To set up the amplifier circuit for Class A operation, measure the V] 
plate-to-ground dc voltage; and set the ADJUST VOLTAGE control for a plate 
voltage of 90 volts. This sets the bias so that the voltage at the plate in 
reference to ground is approximately one-half of the supply voltage. 


Measure the cathode-to-ground voltage (bias), and record it below. 
Class A Grid Bias = volts dc 


The Class A bias voltage should be somewhere in the range of 5 volts. 


3. Using the output function of your multimeter, measure the output ac voltage 
(plate-to-ground), Eo, and adjust R; clockwise until you obtain an output of 
50 volts ac. Now measure the input signal (grid-to-ground), EIN, and record 


9506 
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it below. Use the same range on the meter as for the output voltage to prevent ( 
meter loading errors, Record the input voltage below. 
Input Signal, Ejy, = volts ac 


4, Using the measured input signal from Step 3 and the 50 volt output signal 
amplitude, calculate the voltage gain and record it. 


E 
Voltage Gain, Ay = no) ee 7 ON ONT 8 OL PS 
EIN EIN 


Since the » of the tube has an average value of 20, your voltage gain should be 
less than 20, However, a given tube may have a higher gain and thus some 
variation in gain is possible. 


5. Ina Class A amplifier, the dc plate voltage remains constant with or 
without a signal. The dc plate voltage was set earlier to 90 volts, Remeasure 
the dc plate voltage and record, é 

DC Plate Voltage with Signal = volts de 


Your measured plate voltage should again be close to 90 volts, indicating that 
the operating point does not shift when a signal is applied, 


PART 2 
PROCEDURE 
CLASS B AMPLIFIERS 


I, To set up the amplifier circuit for Class B operation, first reset R , fully 
counterclockwise, While measuring the Vj, dc plate voltage, set the ADJUST 
VOLTAGE control for a dc plate voltage of 150 volts. Although this is not 
quite at cutoff, it is close enough for our experiment, Measure and record 
the bias voltage (cathode-to-ground voltage), 

Class B Grid Bias = volts dc 


A rough approximation of the required cutoff bias voltage for a triode is found by 
dividing the plate voltage by the p. Since the plate voltage is approximately 

180 volts and the », is 20, the approximate cutoff bias voltage is 180 = 20 or 

9 volts, Your measured cutoff bias voltage should be about Yor 10 volts. 


2, To check the voltage gain of your Class B amplifier, set Ry fully clockwise. 
This supplies maximum input to the circuit and is necessary to overcome the 
high bias voltage. Measure the input (grid-to-ground), EIN, and output 
(plate-to-ground), Eo, ac voltages. Be sure to use the output function of the 
multimeter to measure the ac voltages. 


Class A and B Vacuum Tube Amplifiers 
Input Voltage, Eyy = volts ac 


Output Voltage, Eg = volts ac 


3, Using the values from Step 3, calculate the voltage gain of the Class B 
circuit, 


STENT OB hs Nee, I rearee—eaea 


Your calculated gain should be less than that for the Class A circuit, approximately 
one-half of the Class A gain calculated in Step 4 of Part 1. Remember, with 

Class B operation, only one alteration of the input signal is amplified for an 

output, thus the gain appears to be about one-half of the Class A gain. 


4, A characteristic of Class B operation is a change in the dc plate voltage 
under operating conditions. With R , still set fully clockwise, measure thes V4 
dc plate voltage and record it below. 

DC Plate Voltage with Signal = volts dc 


Your measured dc plate voltage under signal conditions should be less than 
what it was for no signal, This indicates a shift in the operating point under 
signal conditions. 


CONCLUSION 


A Class A common-cathode amplifier has a high voltage gain, and the dc 
operating conditions do not vary with the signal. With Class B operation, the 
dc operating conditions shift down from cutoff when a signal is applied, In 
addition, the voltage gain appears lower since only one half the input signal is 
amplified. The cutoff bias for Class B operation of a_triode is approximately 
equal to the plate voltage divided by the ‘p. of the tube. 


NOTES 
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1. B - WHEN AN INPUT SIGNAL IS APPLIED TO A CLASS A AMPLIFIER, THE DC PLATE VOLTAGE 
-- REMAINS THE SAME, 


In a Class A amplifier, the operating point does not change when a signal is applied, and thus the dc plate 
voltage remains constant. 


2, A -SUPPOSE THAT A CLASS A AMPLIFIER IS OPERATED WITH A PLATE SUPPLY VOLTAGE OF 
150 VOLTS, A TYPICAL DC PLATE VOLTAGE FOR CLASS A OPERATION IS -- 75 VOLTS. 
Typically, for Class A operation the dc plate voltage will be one-half of the dc supply voltage. 


3. D- WITH RESPECT TO VOLTAGE GAIN, -- A CLASS A AMPLIFIER APPEARS TO HAVE A HIGHER 
VOLTAGE GAIN THAN A CLASS B AMPLIFIER. 


A Class A amplifier has a higher voltage gain than a Class B circuit since the Class A stage amplifies the 
full 360° swing of the input signal. 


4, B-IF A TRIODE HASAy, OF 50 ANDA PLATE VOLTAGE OF 250 VOLTS, WHAT IS THE 
APPROXIMATE CUTOFF BIAS? -- 5 VOLTS. 


The approximate cutoff bias for a triode is the dc plate supply voltage divided by the p of the tube: 


CUTOFF BIAS = a 


50 = 5V. 


5. C- WHEN AN INPUT SIGNAL IS APPLIED TO A CLASS B AMPLIFIER, THE DC PLATE VOLTAGE -- 
DECREASES. 


Under no signal conditions, the tube is just at cutoff ina Class B amplifier. When a signal is applied, the 
average dc plate voltage decreases. 
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Transistors make possible portable test equipment, such as this solid state oscilloscope. This 
instrument operates on ac or dc line voltages or from rechargeable batteries. The oscilloscope 
can display the waveforms of low-frequency amplifiers and does have one tube — the cathode- 


ray tube. 


Courtesy Tektronix, Inc. 
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TRANSISTOR LOW-FREQUENCY 
AMPLIFIERS 


Since its development in 1948, the transistor has grown to be a giant in the 
electronics industry. New and better transistors are being manufactured 
every day. Power ratings are increasing. New transistors are capable of 
amplifying higher frequency signals at higher power levels. Transistors are 
finding wide use as amplifiers. This lesson discusses the various types of 
transistor amplifiers and related circuits. 


VOLTAGE AND POWER AMPLIFIERS 


Amplifiers are classed according to the kind of output_they supply to their 
_loads. A load that requi arge signal voltage but little current is supplie 
by an amplifier that increases a small input voltage to a large output voltage. 


This type of amplifier is called a VOLTAGE AMPLIFIER. One type of 
voltage-operated load is the cathode-ray tube used in an oscilloscope. 


Conversely, an amplifier that supplies a large signal current to a current- 
operated load is sometimes called a CURRENT AMPLIFIER. Although 
this type of amplifier is common, the térm-~“current amplifier” is seldom used 
for this purpose. Two examples of Toads that need sizable signal currents 
are relays and Speakers. Usually, these loads are thought of in terms of both 
the signal current and voltage signal that they need. Since the product of 
voltage and current is power, the amplifiers which drive these loads are 


more often called POWER AMPLIFIERS. In such amplifiers, the power 
delivered to the load can be from a fraction of a watt to well over 100 watts. 


The term GAIN is used to express the ratio of the input signal voltage, 
current or power to the output signal voltage, current or power of an 
amplifier. In the form of equations, the voltage, current and power gains 
can be expressed as follows: 


ja’ Vour 
AS Ee (1) 


where: Ay = voltage gain, 
Vour = output voltage, and 


Vin = input voltage. 


1079 


TRANSISTOR LOW-FREQUENCY AMPLIFIERS 


AY _— lovr (2) 


where: A; = current gain, 
Iovr = output current, and 


Ipy = input current. 


Ap = SE = Ay x Ay (3) 
IN 


where: Ap = power gain, 
Pour = output power, and 


Pix = input power. 


TRANSISTOR AMPLIFIER TYPES 


A transistor may be used in three types of amplifier circuit configurations. 
Each type has particular characteristics which make it suitable for specific 
applications. 


Probably ae A a SS Aa 
COMMON-EMITTER (CE) AMPLIFIER. This type of ampiiier is s own 
in Figure 1. An NPN transistor is. shown in Figure 1A while Figure 1B 
shows a PNP circuit. The only differences between the two circuits are the 
direction of current and the polarities of the supply voltages. In both 
circuits, the emitter junctions must be forward biased, and the collector 
junctions must be reverse biased. Vzs provides the forward bias for the 
emitter junction and Vcc provides the reverse bias for the collector junction. 


ne EEE EEE! 


IN AN NPN TRANSISTOR AMPLIFIER CIRCUIT, 
THE BASE AND COLLECTOR ARE BOTH MORE 
POSITIVE THAN THE EMITTER. IN A PNP 
TRANSISTOR AMPLIFIER CIRCUIT, THE BASE 
AND COLLECTOR ARE BOTH MORE NEGATIVE 
THAN THE EMITTER. 
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In a common-emitter amplifier, the input signal causes variations of base’ 
current. In turn, the base current causes collector current to vary. The 
collector current (Ic) is approximately equal to the base current (I) times 
the current gain h;, (8), or Ig = Ighre. The collector current variations 
represent the signatcurfent output of the transistor. The base current is 
much smaller than the collector current. This is true of both the no-signal 
currents and the signal currents. Because a small input signal (V;\) controls 
a large output signal (Vour), these circuits provide gain, or amplify. The 
common-emitter circuit is capable of both high current and high voltage 
gains, and therefore has the highest power gain. 


In describing the operation of transistor circuits, the terms “resistance” and 
“impedance” are sometimes used interchangeably. However, due to the 
characteristics of transistor circuits, the term “impedance” is more correct 


than “resistance. 


oa 


The COMMON-EMITTER CIRCUIT PROVIDES A MODERATE IN- 
PUT IMPEDANCE AND A FAIRLY HIGH OUTPUT IMPEDANCE. 


The circuit has a moderate input impedance because only base current can 
exist in the forward biased. base-emitter_j “input. The faiét 


hig output impedance is determined primarily by the practical loading 
considerations of the output. — “ 


Figures 2A and 2B illustrate COMMON-BASE (CB) AMPLIFIER circuits. 
Figure 2A shows an NPN circuit and Figure 2B shows a PNP circuit. In 
the common-base circuit, the input signal causes variations in the emitter 
current, I,. Since the emitter current is equal to the sum of the collector 
current t and the base current i, —I,—-+Ie),the collector current is-always 
less ‘than the emitter current. Since variations of collector current are 
slightly smaller than variations of emitter current, a common-bas 

has a current gain of slightly less than rent gain is a 


little less than 1, the common-base ampli ef can provide s age 


_and power gains. 


————— se 


PEDANCE AND A HIGH OUTPUT IMPEDANCE. _The circuit “has a 
low input impedance because emitter current must exist in the forward- 
biased base- emitter junction of the input. The high output in impedance is 
primarily because_of the_reverse-biased collector-to-base _junction—of_the 
output. The low input impeda igh output impedance of a common- 
base amplifier the circuit well suited for matching low impedance 
sources to high impedance loads. ; ert 
eee 
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Figures 3A and 3B illustrate SAN tence a 
circuits. Figure 3A shows an circuit and Figure 3B shows-a 
circuit. Again, base current plus collector current equals emitter current, 
as shown by the arrows representing circuit current. The input signal causes 
variations of base current. The variations of base current cause variations 


in emitter current, with the emitter current variations serving as the output. 
This amplifier is also called an emitter follower. 


ihe eee gain of a comm lector amplifier is always slightly less 
than Towever, a common- Shimer Ee can Press Hae current 


LOW OUTPUT r IMPEDANCE. For this reason, the circuit is widely used 
ge ee ue mean to_a low output impedance. Both the high 

ut impedance and the “Tow output i impedance are due primarily tothe 
large given sipouni soft ieeahive feedbacks that are charictetistics ‘oon 
collector circuits. 


~enntewntes s nema iran 


LOW INPUT IMPEDANCE (1 kQ) 


HIGH OUT PUT IMPEDANCE (50 k&) 


COMMON oy HIGH CURRENT GAIN (35) 


EMITTER HIGH VOLTAGE GAIN (300) 


(CE) HIGHEST POWER GAIN (10, 000) 


LOWEST INPUT IMPEDANCE 


COMMON HIGHEST OUT PUT IMPEDANCE 


BASE ALMOST UNITY CURRENT GAIN 


HIGH VOLTAGE GAIN 


MEDIUM POWER GAIN 


HIGHEST INPUT IMPEDANCE (350 kQ) 


COMMON LOWEST OUT PUT IMPEDANCE (5002) 


COLLECTOR “)) HIGH CURRENT GAIN (36) 


(CC) ALMOST UNITY VOLTAGE GAIN (.98) 


LOWEST POWER GAIN (35) 


Figure 4 
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It is possible to obtain almost any characteristic that might be required 
with these three types of circuits: common-emitter, common-base or common- 
collector. Not only can volt r amplification be obtained, 
but the amplifiers may also be used as impedance-matching devices between 
sources.and loads. The chart of Figure 4 summarizes the characteristics of 
the three circuits. The values of impedance and gain are for a typical small- 
signal transistor amplifier. 


VOLTAGE PHASE REVERSAL 


The phase relationship between the input and output voltages of an amplifier 
is very important. In some amplifier circuits, the output voltage becomes 
more negative as the input voltage becomes more negative, and becomes 
more positive when the input voltage becomes more positive. When the 
input and output are in step with each other, there is no phase shift between 
input and output signals. 


In other amplifier circuits, the output voltage becomes more negative as the 
input voltage becomes less negative, and vice versa. Here, the output voltage 
signals are out of step or out-of-phase with the input, and there is a phase 
reversal, or a 180° phase shift between input and output. 


The phase relationships of input and output voltages for each of the three 
basic amplifier circuits are the same, regardless of whether the transistor is 
a PNP type or an NPN type. 


Figures 1A, 2A and 3A are NPN transistor amplifier circuits. Let’s begin 
our discussion of voltage phase relationships by examining the common- 
emitter circuit of Figure 1A. 


Suppose that we apply an increasing positive signal voltage to the transistor 
base. This increases the forward bias across the emitter-to-base junction, 
and collector current increases. As shown by the collector current arrow, 
I, is downward through resistor Ry. The voltage developed by I, makes the 
top end of Ry negative with respect to its bottom end. This signal voltage. 
subtracts from the voltage of Voc so that the collector-to-emitter voltage, Vox, 
of Q, (the output voltage) is the difference between Voc and the voltage 
across Ri, Vr,. As the voltage across Ry increases, the output voltage de- 
creases. As the signal voltage swings negative, the forward bias decreases. 
This decreases base current, which decreases collector current. The decreased 
collector current reduces the voltage drop across R,, and causes the output 
voltage to become more positive. In a common-emitter circuit, an increasing 


= AML ie tama 
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positive input change causes a decreasin 


put is therefore out-of-phase with the input. 


ae 
ere a 


voltage change. 


wale a eee ee na: 
THE COMMON-EMITTER AMPLIFIER CIRCUIT 
PRODUCES A 180° VOLTAGE PHASE REVERSAL. 


eee 


Figure 5 shows the phase relationship between the voltages and currents in 
the common-emitter circuit. 


An increasing positive voltage at the input of an NPN transistor in a 
common-emitter circuit increases the forward bias of the emitter-to-base 
junction. An increasing positive voltage at the input of a PNP transistor 
(in a similar circuit) causes a reduction of forward bias, or possibly even a 
reverse bias of the emitter-to-base junction. Don’t forget the basic difference 
in current direction between the NPN and the PNP types, as shown by the 
current arrows in Figures 1 through 3. 


Figure 1B shows the PNP equivalent of the common-emitter circuit of 
Figure 1A. In Figure 1B, an increasing positive input voltage decreases the 
forward bias of the emitter-to-base junction. Collector current decreases, 
reducing the voltage across Rr. The top end of Ry is positive with respect to 
the bottom end. Because of the series-opposing arrangement, the output is 
the difference between the voltage across R1, Vr, and the voltage of Voc. 
When the voltage across Ri decreases, the output voltage increases (becomes 
more negative). Figure 6 shows the phase relation between the voltages and 
currents in the PNP common-emitter circuit. Although the directions of 
current and voltage polarities are different than in the NPN circuit repre- 
sented by Figure 5, the phase relationships are the same. 


A positive input voltage change produces a negative output voltage change. 
The PNP transistor connected in a common-emitter circuit provides a 180° 
voltage phase shift, as did the NPN transistor in a common-emitter circuit. 


In the common-base amplifier circuit of Figure 2A, an increasing positive 
input signal voltage increase tends to decrease the forward bias on the 
emitter-to-base junction of the transistor. This decreases the collector 
current, which in turn decreases the voltage across Rt. 


The voltage across Ry is series-opposing with the collector supply, Voc, and 
the output voltage is therefore the difference between the voltage across Rx, 
Vr,» and the voltage of Voc. With a positive input voltage, there is less 


1079 


VIN O 


Figure 


S) 
= 
ral ak é 
si d 
ae 
ESE 
ies 


vac 
a GC le 
(e) ie 
VOUT 
(Veg) | 


VCC 


Figure 
6 


TRANSISTOR LOW-FREQUENCY AMPLIFIERS 


voltage across R;, to subtract from the Voc voltage, and the output voltage 
becomes more positive. As the input signal goes negative, it increases the 
forward bias on Q,, and as a result, the base and collector currents increase. 
This increases the voltage drop across R;, and causes the output voltage to 
become less positive. In a common-base circuit, the input and output voltages 
are in phase. iw wweeceeve eT a un Ge i 
a al 


THE COMMON-BASE AMPLIFIER DOES NOT 
PRODUCE A VOLTAGE PHASE REVERSAL. 


The action is the same for the PNP circuit of Figure 2B. The only difference 
is the direction of current and the polarity of the voltages. 


In the common-collector circuit of Figure 3A, positive input voltage causes 
the transistor to conduct more current, resulting in a larger voltage across 
R,. This voltage serves as the output signal. 


A positive input voltage causes the voltage across Ri, Vp,, to become more 
positive. A negative input voltage decreases the conduction of the transistor 
and results in a decrease in the voltage across Ry. In a common-collector 
circuit, a positive input voltage causes an increasing positive output voltage, 
and a negative input voltage causes a decreasing positive output voltage. 


THE COMMON-COLLECTOR AMPLIFIER DOES 
NOT PRODUCE A VOLTAGE PHASE REVERSAL. 


The action is the same for the PNP circuit of Figure 3B. The only difference 
is the direction of current and the polarity of the voltages. The common- 
collector amplifier is also called an EMITTER FOLLOWER sincé~ttie 
output signal is taken from the emitter and-is the same phase as the input 
signal. 


There is phase inversion (or reversal)_between the input-and—output signal 
voltages of PNP and NP istors only in the CE circuit. All signals 
in the CC and CB circuits are in phase when either PNP or NPN transistors 


are used. 
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The following Practice Exercise questions cover the subjects which you 
have just studied. They are: 


VOLTAGE AND POWER AMPLIFIERS 


TRANSISTOR AMPLIFIER TYPES 


VOLTAGE PHASE REVERSAL 


=" 


. Explain the difference between a power amplifier and a voltage amplifier. 


2. What is the gain of a voltage amplifier if an input signal of .5 volt 
develops a 10-volt output signal? 


3. What is the power output of a power amplifier with a power gain of 
12 if the input signal is .3 watt? 


) 4. Which of the three amplifier configurations would you employ if you 
wanted to match a high source impedance to a low load impedance? 


5. The highest power gain is provided by the common- 
amplifier circuit. 


6. Draw the circuits for a PNP common-emitter amplifier and an NPN 
common-collector amplifier. 


7. Explain what happens to the various currents and voltage drops in the 
circuit of Figure 1A when the input signal makes the base of Q, less 


» positive. 
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11. 


12. 


13. 


14, 


15. 


What is the phase relationship between the input and output signal 
voltages in the circuit of Figure 1A? 


What is the purpose of resistor R, in the circuit of Figure 1A? 


What is the phase relationship between the input signal voltage and 
the collector current in a PNP common-emitter circuit? 


As the input voltage signal drives the base more negative in a PNP 
common-emitter circuit, the output voltage becomes (more) or (less) 
negative. 


How would you express a common-emitter circuit output voltage, 
Vour, in terms of the voltage drop across R;, and Vcc, as an equation? 


What is the phase relationship between the input and output voltage 
signals in a common-base amplifier and in a common-collector amplifier? 


How is the output voltage signal developed in a common-collector 
amplifier? 


In the common-base amplifier, is the output voltage the difference 
between the collector supply and the voltage drop across R,? 


% 
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BIAS CIRCUITS 


The base bias of a transistor is defined as the value of the base current 


under zer i ¢ conditions. ‘The age which causes base bias 
current _i bias voltage. The term bias is also sometimes 


applied to the collector supply voltage. However, we shall use the term 


“bias” to ‘0 describe the value of no-signal base current or voltage. In Figures 
1 through 3, batteries were used to supply bias voltages. Vs supplies the 
base bias voltage, and Vcc is the collector supply. For proper_operation, 
thie transistot/ must be bigsed_so-thet-the-emitterjunciion is fora? Wa 
and the collector junction is reverse biased. Let us assume in this discussio 

of bias circuits that the signal source has a large series capacitor in its output 


so that there is no dc flow through the input connections of the amplifiers, 
and the bias voltages are not affected by the signal source. 


Fixed Bias 


The separate supplies shown in Figures 1 through 3 provide a means of 
obtaining the correct bias. However, separate supplies are costly, and it is 
more convenient to use one supply for both the base bias and the collector 
supply. The circuit of Figure 7 provides a simple means of obtaining base 
bias from the collector supply. In this common-emitter amplifier, resistor 
R, is the bias resistor. R, is connected between the negative terminal of the 
collector supply battery, Voc, and the base of Qi. 


Since Q, is a PNP transistor, the base must be negative with respect to the 
emitter to forward bias the emitter junction. In Figure 7, Ri connects the 
base of Q; to the negative terminal of Voc. The positive terminal of Voc 
is connected to the emitter. Voc forward biases the emitter junction ‘and 
reverse biases the collector junction. The value of base current, I, (bias), 
is | approximately - equal to Voc divided ‘by the value of Ry. —The base-t6-_ 
emitter. - voltage drop is telatively ‘constant and can be ignored for this Part 
e f the explanation. Increasing the” “valtie~of- Rr ‘décreases the 


decreasing the value of R, increases_the—bias—. ce the value of bias is 
determined bythe va lues of Vcc andRi, both of which are fixed, t the 


circuit is referred to as a FIXED BIAS arrangement. If an NPN transistor 
were substituted for y circuit change necessary would be to 


reverse the collector ee battery, Voc. 


The impedance of the base-to-emitter junction does vary with the input _ 
signal. This causes a Change in the amount of base current, and as a ‘result, 


a shift in the operating point. The bias supplied by this type of circuit is 
not stable. Temperature variations also cause a shift in the bias. This is due 


primarily to collector-to-base leakage current, which acts as base current 


INPUT 
SIGNAL 


Figure 
i 


OUTPUT 
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as it passes across the base-to-collector junction. An increase in transistor 


temperature causes leakage current to increase. T) bility of the circuit 
of Figure 7 is poor because all of the dc component of the curren oug 


R, flows into the base of Q,. 


Voltage Divider Bias 


The stability of the simple bias circuit of Figure 7 can be improved by the 

addition of a resistor from base to ground, as shown in Figure 8. This 
— OUTPUT circuit is generally referred to as a VOLTAGE DIVIDER BIAS arrange- 

VcéT+ SIGNAL ment, since R; and Rp form a voltage divider connected across Voo. 


INPUT 
SIGNAL 


= Resistor Rz is in parallel with the emitter-base junction of Q,. Thus, two 

Figure current paths result: One is from the — terminal of Voc through R,; and R, 

8 to the + terminal of Voc, and the other is from the — terminal of Voc 
through R, and the emitter-base junction of Q, to the + terminal of Veo. 


To examine circuit operation, assume that base current increases due to an 
increase ‘in temperature. The increased base current through R, increases 
the voltage across Ri, which decreases the voltage drop across Rs. Since 
the voltage drop across Re establishes the bias on Q,, the forward bias is 
reduced. This tends to return the base current to its original value. If base 
current decreases, the voltage drop across R» increases, which increases the 
forward bias on Q, and returns the base current to its original value. 


The audio amplifier stages in FM receivers like the one shown above often 
employ a feedback bias arrangement to provide good stability and wide 
frequency response. 

Courtesy H. H. Scott 
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The value of Ro in this circuit _is very critical. Suppose that we choose a 
large resistance — perhaps 500 kQ or 1 megohm—for Re. Then the 


resistance of the parallel combination of R». and the Q, base-to-emitter 
junction is essentially that of the junction, which is very small compared to a 
500 kQ or 1 megohm resistor. Rz has little effect, and the circuit behaves 
similar to the circuit of Figure 7. 


On the other hand, suppose that we choose Re to be a very low resistance. 
Notice, in Figure 8, that R» is directly across the input terminals. Making_ 
R, smaller stabilizes the bias, but it also shunts most of the input signal 


Ae ee ey - : 2 . EE pee 
applied to the circuit, because now_the input impedance is very low. "= 
teal ea a ee 


The value of Rz must be selected to be between these two extremes. The 
value chosen depends on the input impedan aracteristics of the transistor 
used_an e amount of base current desired. When the value of Ry» is such 


that the current through-itis several times the base current—the—voltage— 


across- esistor remains fairly constant. Consequently, the circuit of 


Figure 8 has a more stable operating point than the circuit of Figure 7, 
and it still uses only one battery for both base and collector bias. 


Feedback Bias Circuit 


Although the circuit of Figure 8 provides some bias stability, improved 
stability can be obtained by employing 2 bias clea wth TT ST coll i 
BACK. € effects of temperature changes on base current and collector 
current may be shown with the aid of Figures 9 and 10. A typical transistor 
operating at normal operating temperature in a common-emitter circuit will Pipure 


have a family of collector characteristic curves similar to those shown in 9 
Figure 9. Suppose that the operating temperature of the transistor is in- 


creased. With a given value of collector _volta e and base current, the 
cllor kak ae esis he pau ntsc TEES 

fe invernal resistance-of the transistor 0 re Since the resistance of 
the base-to-emitter junction also decreases, the base current increases._These 
current increases cause the base current lines of Figure 9 to shift upward 


and spread apart somewhat, as shown by Figure 10. This means that the 
current gain of the transistor increases. $$ 


SS Oe 


To counteract the increase of base current caused by temperature increases, 
degenerative (or negative) feedback may be added to the transistor circuit. 
This means that a part of the output signal is fed back to the input 180° / Figs 
out-of-phase with the input signal yy, 10 
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OUT PUT 
SIGNAL 


Figure 11 


ative feedback is in Figure 11. The R,R> 
bias circuit is connected directly to the collector and produces base current 
Iz in the direction shown. As the temperature of the transistor increases, 
the collector current increases, as illustrated by the shift of the characteristic 
curves of Figure 10. With increased collector current, the voltage across 
the collector load resistor, Ry, increases. With an increased voltage across 
Rz, the collector voltage decreases. Since the bias circuit is connected to 
the collector, the reduced collector voltage causes a decrease in base bias 
current Iz. This tends to bring the base current back to its original value, 
thus counteracting the effects of the temperature change. Therefore, the 
circuit provides voltage feedback since the base current and voltage are 
controlled by the collector voltage. 


If the transistor is not protect i i ondu nd 
more current, < oon overheat. This is called thermal runaway. If this 
action is al owed to continue, the transistor may be permanently damaged. 


This circuit not only protects against thermal runaway but also stabilizes 
against any other variations in circuit operation. 


A disad i is that it reduces the gain of the am- 


lifier. That is, it feeds a signal back to the input of the transistor which 
Eaeoively reduces the size of the input signal. In many cases, the stability 
obtained with the circuit more than compensates for the gain reduction, and 
this biasing method is often used in amplifiers. 


Figure 12 shows an amplifier with voltage divider bias and degenerative 
current feedback. R; and R2 provide voltage divider bias, and Rs provides 


the current feedback. The amount of feedback provided by Rg; is determined 
SE ee PE eT ED Poet LOT | gn eS 
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Figure 12 


by its resistance value and by the emitter current. The feedback helps to 
keep the bias constant as temperature changes, and therefore aids in pre- 
venting thermal runaway. 


The negative feedback i produced_bycause of the wollage stop sdeiioPes 
across Ry. The signal at the base of Q, causes signal curren rough the 
“transistor. The resultant signal voltage across Rg is in phase with the 
signal at the base. This causes feedback whose amount is proportional to 
the resistance value of R3. The voltage drop developed across Rs; is also 
proportional to the amount Of collector—eurrent,—and—this-drop therefore 
Serves to limit, or regulate, collector current. Therefore, the amplifier of 
igure 12 requires a larger input signal for a given output signal than does 


the amplifier of Figure 8. 


Should the transistor heat up, its internal resistance decreases and the 
collector current becomes larger. The increase in collector current tends to 
reduce “the forward bias on the emitter-junction because of the larger voltage 
drop across R3, and therefore decreases the conduction of Q;. In this way, 


the circuit is stabilized, and the possibility of thermal runaway is reduced. 


If the negative feedback provided in the circuit of Figure 12 is not required, 
the arrangement shown in Figure 13 may be used. The circuit of Figure 
13 is the same as the circuit of Figure 12, except that capacitor C; is placed 
varying with the input signal, so that the voltage gain js pow SoPSaeey 
increased. For low-frequency signals, 1 is so low that it 


L) effectively ‘bypasses the collector signa current variations of the amplifier. 
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INPUT 
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Figure 13 


The value of C, is chosen so that i i lue of Rs at 
the lowest frequency to be amplified. Resistor R; now provides only dc 
feedback for stabilization. 


The_voltage gain of the circuit of Figure 13 is approximately equal to Ry 
divided by Rs. For example, i is 2200 ohms and R; is 220 ohms, then: 


The voltage gain is about 10 if 8 is sufficiently high (many times greater 
than 10). 


Transistor Type Identification 


As mentioned earlier, meena brie se a 
_very low impedance. Although this impedance is low, a definite voltage drop 
“erisnac ania are ee junction. The exact value depends upon 
the circuit, but as a rule, the forward biased base-emitter voltage, Vpn, of a 

er j nsistor j 2 to .3 volt, while that for a silicon transistor 
is about .6 or .7 volt. You can use the base-to-emitter voltage drop to 
determine whether a transistor is germanium or silicon if data is not 


available for the transistor being tested. 
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Knowing the range of base-to-emitter voltage drops is very important, es- 
pecially when servicing different types of equipment. Care must be exer- 
cised when interpreting voltage readings, as they are often given with respect 
to ground, and as a result, the base-emitter voltage must be calculated. For 
example, examine the voltages in Figure 14A. Note that both the base and 
emitter voltages are negative. However, the emitter is more negative than 
the base, thus establishing the correct bias for the NPN transistor. Since the 
bias voltage (Vzx) in this example is .2 volt, we can assume that the transistor A 
is germanium. In Figure 14B, the base is more negative than the emitter. 

Because the transistor is a PNP type, this provides the correct forward bias. 

Since the bias voltage, Vz, is .7 volt in this example, we can assume that 


the transistor is silicon. -10.7V 

CLASSES OF OPERATION VBE —lOV 
The CLASS OF OPERATION of a transistor amplifier_is determined by B a: 
THE LENGTH OF TIME TH OLLECTOR CURRENT FLOW We 


eee en emma ane a aoe 
DURING THE INPUT CYCLE. If there is collector current during the 
entire input cycle, the operation is Class A. In Class B operation, there is, 


collector current for approximately half the input cycle. In Class C opera-_ 
tion, there is current for less tha input cycle. In Class AB op- 
eration, there is collector current for half of the input cycle, but 


not for the full cycle. 


lass A operation produces the least amount of distortion. Class B operation 
produces a greater amount of distortion, and Class C produces the greatest 
amount of distortion. Since the distortion produced in Class C amplifiers 


cannot be tolerated in_most low-frequency applications, Class A or Class B 
operation - iypreterred: syvrinw aed ed! Penwith eatT 80 gurytd tn meaeul a. 
Paar gen 


Class A Operation 


The circuit of a basic CLASS A AMPLIFIER is shown in Figure 15. Bat- 
tery Vz supplies the base bias voltage which sets up the desired base cur- 
rent. Vcc supplies the collector with the proper operating voltage. The in- 
put signal voltage causes the base current, ip, to increase and decrease 
according to the input signal level. It is understood that the input signal 
source does not offer a path for de current that will disturb the no-signal base 
bias. Therefore, the operating point is not affected by the input signal source. 


For. nsistor must be biased so that collector_current | 
exists during the peace input signa >~Génerally, transistors in Class A 
am mplifiers Operate only on the tinear or | straight portion of their character- 


1079 
17 


TRANSISTOR LOW-FREQUENCY AMPLIFIERS 


°5 10 2030 40 50 
BASE CURRENT wA 


COLLECTOR CURRENT mA 


Figure 


istic transfer curves. Therefore, such Class A amplifier led LINEAR 
AMPLIFIERS. To illustrate this class of operation, the base current-col- 
lector current, I,-I,, transfer characteristic curve for the circuit of Figure 15 


is shown in Figure 16. This curve shows how collector current depends 
upon base current. 


OUTPUT 
SIGNAL 


Figure 15 


Point Q in Figure 16 is the operating point. This is the point of operation 
with no_input signal. It is centered approximately in the straight or linear 
part of the curve. When a signal is applied, the current varies up and down 
this curve, but not beyond the straight portion of the curve. 


The input signal in Figure 15 produces a base current change, Ais, of 20 
uA peak-to-peak, or 10 »A peak. This alternating current, i;, is shown at 
the bottom of Figure 16. This causes the base current to vary up and down 
the operating curve from the operating point Q (25 yA). The bias battery, 
Vor, produces 25 uA of base current for no-signal conditions. The generator 
produces an alternating current which causes the total base current to vary 
from 15 »A to 35 uA. By projecting these values of base current of Figure 
16 up to the curve, points A and B are located. These points represent the 
extremes of operation on the curve. 


As base current in Figure 16 increases from the operating point value of 25 
uA to 35 yA, collector current increases from 3 mA to 4.5 mA. On the 
opposite alternation of ig, the base current decreases to 15 nA, which causes 
a corresponding decrease in collector current from 3 mA to 1.5 mA. As 
the base current increases 10 uA above and below the operating point, the 
collector current varies 1.5 mA above and below its operating point. There- 
fore, _the collector current varies in direct_proportion to the base_current. 
This is the requirement for linear operation. 

STS A he Yi Ne Eth ok a air » 4 
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The following Practice Exercise questions cover the subjects which you have 
just studied. They are: 


BIAS CIRCUITS 


FIXED BIAS 


VOLTAGE DIVIDER BIAS 


- FEEDBACK BIAS CIRCUIT 


TRANSISTOR TYPE IDENTIFICATION 


\) 16. Draw a simple bias circuit, similar to the one shown in Figure 7, em- 
“4 ploying an NPN transistor. Show the direction of base current and the 


supply voltage polarity. 


17. Suppose that V.c has a value of 9 volts and R, is 150 ko in the circuit 
of Figure 7. Neglecting the value of base-to-emitter voltage drop, what 
is the base current? 


TRANSISTOR LOW-FREQUENCY AMPLIFIERS Q2A 


18. Draw a voltage divider bias circuit employing an NPN transistor. 


19. In Figure 8, what happens to the voltage drop across R, if base current 
increases? 


20. What is the advantage of making R, in Figure 8 as small as possible? 
As large as possible? 


21. Draw a voltage feedback bias arrangement, similar to the one shown 
in Figure 11, with an NPN transistor. 
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22. Explain how the bias arrangement of Figure 11 maintains a constant 
bias when a decrease in temperature causes a decrease in the collector 
and base currents. 


23. In Figure 13, if R, is 10 kQ and R; is 27000, what is the voltage gain? 


24. Draw a circuit similar to the one shown in Figure 13 for an NPN 
transistor. 
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Z5. 


26. 


An increase in the voltage developed across R; in Figure 13 increases 
forward bias on the emitter junction. True or False? 


In the figures below, determine the actual base-to-emitter voltage and 
determine whether the transistors are silicon or germanium. 


+6.2V +9V 
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Where high-fidelity operation is required, such as in the amplifiers in a tape 


recorder, Class A operation is employed. 
Courtesy Bell & Howell 


Earlier in this lesson, we stated that a-commen-emitter-amplifier_ provides a_ 
high current gain. Since Figure 15 is a common-emitter amplifier, let us 
find its current gain. Current gain is the ratio of the output current change 
to the input current change. In the circuit of Figure 15, a 20 »A change in 
base current, Aig, produces a 3 mA (3000 »A) change in collector current, 
Aic. The current gain, A;, therefore equals: 


The circuit of Figure 15 provides a current gain of 150. This means that 

any small change in base current will produce a change in collector current 
a 150 times greater, as long as the operation is on the linear portion of the 
9 transfer characteristic curve. 
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Figure 
17 


istortion in a Class lifier usually is a result of too large an input 
signal or a shift in the operating point due to bias changes. The following 


‘conditions will occur with an input signal that is too large. Suppose that the 


input signal in the circuit of Figure 15 is increased to produce a base current 
change of 20 »A peak. This condition is shown on the characteristic curve 
of Figure 17. 


Projecting the ig values on the transfer characteristic curve shows that, for a 
20 »A increase in base current, the collector current increases from 3 mA 
to 5.7 mA. A decrease in the base current of 20 »A results in a collector 
current decrease of 2.7 mA (from 3 mA to .3 mA), The collector current 
increases 2.7 mA and decreases 2.7 mA for equal changes in base current. 


There is a definite flattening of the collector current waveform peaks of 
Figure 17 due to operation near cutoff and saturation. .Cutoff describes the 


point where! the Tan eae Sa eee 
curve. | Saturation describes the point where the transistor is conducting at 
its maximum possible rate, as at the upper right end of the-transfer-curve. 
If the input signal is increased ia a pol Whe rent dies HRN tor eect 


cutoff and saturation, clipping occurs, and the output begins to appear as a 
squared off waveshape. The collector current waveshape is then no longer 
the same shape as that of the signal causing the change of base current. 


This condition is known as distortion. The input signal is too large and the 
amplifier is “overdriven.” — 


oe ne tenes 


To reduce this type of distortion, all that is required is to decrease the input 
signal level. A conclusion may then be drawn concerning linear Class A 
operation: for maximum output with minimum distortion, the input signal 
must not drive the transistor into the nonlinear or curved regions of its 
characteristic transfer curve. 


The_efficie ifier is low (approximately 30%). The 


maxim i cy for Class A operation i 20%. By 


efficiency, we me ompared to the average de 


an the signal or c 
ower delivered to the collector circuit. In the form of an expression, the 
efficiency 1s: 


se: 


¢ ae Pour y ae (4) 


Pac 
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where: Povr = useful output power, 


P,. = dc power input from the power supply, and 


E;;: = percent efficiency. 


The dc input power is generally taken as the product of the collector supply 
Pac = Iccavz) X Veo (5) 
where: Py. = dc power input from the power supply, 


Iciavg) = average collector current, and 


Vcc = collector supply voltage. 


For example, if 1 watt of power is delivered by the collector battery but 
only .25 watt of audio power is developed at the output of a given circuit, 
its efficiency is: 


E,, = 2 x 100 
Pac 


= +2 x 100 


PEDO LOO = Yo. 


transistor amplifier even more. In spite of this poor efficiency, Class A 
transistor amplifiers are widely used. They are used where the power desired 
is not too great and where distortion cannot be tolerated. Class A amplifiers 


2 ee 
a 


amplifier stages of radio and television receivers, and in many igh-qualit 
test instruments. 
se 
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Class B Operation 


In a CLASS B AMPLIFIE ansistor is biased so that collector cur- 
SS te coaitianeh? Gita cana ee 
as shown in Figure 18. The iransfer curve of Figure 18 siows-thatyat-he 
operating point i sed a tely AT COLLECTOR 
CURRENT CUTOFF. THIS PRODUCES CLASS B OPERATION. The 

slight amount of collec nt flowing with no input signal i colfector 
leakage current. Since the base current, ig, cannot be less than zero, it will 


not go to the left of the i, = 0 vertical line. It is therefore not a sinewave, 
even though the input signal voltage is. 


0 
O 10 20304050 
BASE CURRENT A 


COLLECTOR CURRENT mA 


Figure 18 


In this example, the input signal causes a peak ig value of 40 »A on one 
alternation. On the other alternation, the input signal produces reverse bias 
and does not allow any collector current. The collector current has a peak 
value of 5.25 mA on the half cycle during which it conducts. 


Since there is collector current for only about one half of the input cycle, it 


poe eee € av Or current is .318 0 
ak collector current if the waveshape is a half sine ~ Using this factor 
of .318, the average value of collector current shown in Figure 18 is .318 x 
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5.25 mA = 1.67 mA. This level is indicated by the dashed horizontal line 
passing through the curve at point A. Sometimes this level i is referred to a as 
the direct current component of collector current. 


As mentioned earlier, the efficiency of an —— is the ratio of the ac 
Ww. i to the de n from the power 


; ; B amplifier is more iene han 
a Class A amplifier (which continually draws power from the supply). The 


maximum efficiency for Class B operation is about 78%. 


INPUT SIGNAL 
SIGNAL 


The amplifier shown in Figure 19 may be operated Class B. Notice that in 


this circuit there is no bias a lied to the baSe of Q. Therefore, this circuit 
is Often bi ef. or R2 in the T circuit pro- 
| vides thermal runaway protection. The main disadvantage of 


op- 
eration is the distortion that it produces. Ss 
eS a ae an 


| The operation of the circuit of Figure 19 may be shown by the collector- 
characteristic curve of Figure 20, or by a transfer-characteristic curve sim- 
ilar to that of Figure 18. The zero-bias conditions in the circuit of Figure 19 
place the operating point, Q, at I; = 0, as shown in Figure 20. On one alter- 
nation of the input signal, the base circuit is forward biased and collector 
current flows. The other alternation of the input signal reverse biases the 
base circuit and there is no collector current. Collector current exists for 

i r) close to half the input cycle, satisfying the requirements for Class B op- 
eration. 
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Figure 20 


Class AB Operation 


For greater efficiency than can be obtained with Class A amplifiers, CLASS 


AB AMPLIFIERS may be used. Class AB operation requires that there 

be Speen Sea uit~cyele. 

For Class AB opetation, the! tansisio: Giese eee 

of the linear portion of its characteristic _c is arrangement also permits 

these of «leper pu Mga The cict of Figure 7S er reese CaS 
Well as 


AB operation, lass A. The transfer characteristic curve of Figure 
21 is for Class AB operation of the circuit. Suppose that Ri has a value that 
provides a base bias of 15 »A. This causes the circuit to operate at point Q 
on the transfer curve of Figure 21. Suppose that the input signal results in a 
peak i, value of 30 »A. Collector current flows the entire positive alternation, 
but only partly in the negative alternation. There is no base current between 
A and B on the base current, ig, curve and no collector current between A’ 
and B’ on the collector current ig curve. The transistor conducts for about 
two-thirds of the input cycle. The resulting output signal, ic, is shown at the 
right side of Figure 21. 


{ 


as 

/ Class AB operation produce -distortion because it does not reproduce the 
complete input cycle, but the distortion is less than with Class B. The effi- 
ciency is greater than with Class A but less than with Class B operation. 
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Figure 21 


Class C Operation 


Where a very high effici ired and a large amount of distortion can 


olerated, CLASS C AMPLIFIERS are used. Most oscillators wi 
circuits, which are simply modified forms of amplifiers, operate Class C. 
Another common use for Class C operation is in the _r-f_ 


mitters. Class C operation is most o edewithiqeconanticincemt loads which 
help*smooth out the distorted waveshapes and where peak signal amplitudes 
do not change. 


mace nce 


In Class C operation, the A eM ieee A a ee 
is collector | current vad significantly ess than half of the input cycle, and it 
appears in th n_of pulsés: Within reasonable limits, the bias can be any 
value beyond collector current cutoff. Experience has shown that a bias level 


well beyond the cutoff value produces the best efficiency. 


The operating point is considerably to the left of the point in Figure 22 where 
I; is zero. The input signal voltage level_must_be large enough to overcome 
the cutoff bias value so that there i is collector current ‘during a small part of. 
each” “cycle of the signal” Sees one, saan 


Class C operation is the most efficient because the transistor draws power from 
the > battery or power ‘supply for the shortest period of the input signal cycle. 
ee oe gee wee Ne Ago ne Syne ware 
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Figure 22 


Under certain conditions, Class C efficiency may be as high as 85%tcKeep aya 
in mind, though, that this short conduction period results in an output with ( 
a great deal of distortion and is not suitable for many applications. 


There is some disagreement within the electronics industry as to_whether a 
zero-bias transistor amplifier is operating Class B or Class C. The point in 
question revolves around the approximately .2- or .6-volt drop required to 
forward bias the base-emitter junction of a transistor. For _true—€lass_B 
operation. the amplifier should conduct through a complete 180° 9 ee 
of the input signal. However, because of this voltage drop, a zero-bias tran- 
sistor amplifier will conduct for a little less than the full 180° conduction 
required for Class B operation. Strictly speaking, this would be called Class Cc 
operation. However, an argument is given that Class C operation is really 
thought of as being just a portion of the most extreme peak of the input signal. 


Thus, Class C operation govie shen Re stedeuneuaes ELON! less than 
180° conduction. oi oy Otis eR 


METHODS OF COUPLING 


Although a single transistor can provide a large gain, it is often necessary to 
have more gain than one transistor amplifier stage can develop. More gain 


may be achiev PLING two stages together. The output 
of one stage is applied to the input of a second stage and the output is taken { 
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The following Practice Exercise questions cover the subjects which you 


have just studied. They are: 


CLASSES OF OPERATION 


CLASS A OPERATION 


CLASS B OPERATION 


CLASS AB OPERATION 


CLASS C OPERATION 


27. What is a Class A amplifier? 


28. What is the current gain of a transistor amplifier if an input signal 
current of 15 .A p-p produces an output signal current change of 4 mA 


p-p? 


29. What is meant by the term efficiency with respect to an amplifier? 


30. What is the approximate efficiency of a Class A amplifier? 


31. Is the distortion high or low in a Class A amplifier? 


32. What is a Class B amplifier? 


33. Is the efficiency of a Class B amplifier greater than that of a Class A 
amplifier? 


34. What is the maximum efficiency of a Class B stage? 
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35. How is a transistor amplifier biased for Class B operation? 


36. What is a Class AB amplifier? 


37. How does the efficiency of a Class AB amplifier compare to that of a 
Class A and of a Class B amplifier? 


38. What is a Class C amplifier? 


39. What is the maximum efficiency of a Class C amplifier? 


40. What class of operation is shown in the figure below? 


COLLECTOR CURRENT mA 
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from the second stage, and when necessary, applied to the input of a third 
stage, etc. When the signal passes from one stage to another in sequence, 
the arrangement is “called | cascaded st stages. The “most < common_methods_ of 
coupling -amplifier- ‘stages— “together are: transformer cot -¢ coupling, resistance- “ca 
pacitance coupling, impedance coupling an ling and direct +t coupling. al 


eae 


Transformer Coupling 


Figure 23 shows an amplifier using TRANSFORMER COUPLING. The 
signal applied to the input terminals is coupled by transformer T, to the base 
of transistor Q;. The output of the Q,; stage is coupled by T2 to the second 
stage, and T; couples the Q»2 stage output to the amplifier output terminals. 


In this circuit, the transformers are usually of the voltage step-down (an 


INPUT 
SIGNAL 13 
OUTPUT 
SIGNAL 


Figure 23 


A single battery, Voc, provides both bias and collector voltages for the circuit. 
The voltage at the negative terminal of Voc is applied through the dc path 
provided by the primary winding of Ty» to the collector of Q;, and through the 
T3 primary to the collector of Q.. The voltage at the junction of R; and Re 
is applied through the T, secondary winding to the base of Q,, for fixed bias. 
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Fixed bias is applied to the base of Q»2 from the junction of Ry and Rg through 
the T2 secondary winding. 


Emitter resistors R3 and R; stabilize changes in the transistor biasing caused 
by changes of temperature or other conditions. Capacitors C,, Cz, C3, C4 and 
C; are bypass capacitors. Capacitor C: holds the emitter of Q, at a constant 
potential with respect to ground. Capacitor Cy does the same for the emitter 
of Qo. 


An alternating signal voltage at the input of the amplifier appears across 
the primary winding of T,, and induces a signal voltage into the T, secondary 
winding. This voltage is in series with the bias voltage across R, from the 
base of Q, to ground. The signal alternately increases and decreases the base 
voltage and current around its fixed bias level. This causes corresponding 
variations of emitter and collector current. 


When the signal voltage makes the upper end of the T; secondary winding 
negative, it aids the base forward bias, which increases the base and collector 
currents. During the opposite alternation of the signal voltage, the signal 
opposes the base bias and reduces base current, which decreases the collector 
current. 


The collector current of Q, varies with the signal changes at its base. The 
changes of Q, collector current are coupled through T2 to the base of Qo. 
The resultant signal voltage varies the forward bias of Qs, causing an amplified 
version of the changes in its collector current waveform. The Qs» collector 
current variations induce signal voltage in the secondary of Ts, which is 
where the output of the amplifier is obtained. 


The small signal applied to the input terminals is increased in magnitude as 
it passes through each stage. The output may be either a large signal current 
or a large signal voltage, depending upon the load requirements. Transformer 


advantage of providing a good impedance etween 
the high output impedance of_one stage and_th input impedance of the 


next stage. The transformer turns ratio is selected to provide the desired 
impedan sna, MmSfonmer-a eps down volage so-so 9s_ down 
pedance ratio varies with the square of the turns ratio. As an example, assume 
fiat THE-CE transistors of Figure 23 have airinput impedance of 1 kO and 
an output impedance of 50 kO (Figure 4). A transformer such as T2 in 
Figure 23 would therefore require a turns ratio of: 
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Nee (6) 
Za 

N2 = 50 ko — 50 
1 ko 


N = \/ 50 = 7.07 


A step-down transformer with a turns ratio of 7:1 would be adequate for 
matching 50 kQ to 1 kQ. The disadvantages of transformer coupling are the 
expense, limitations. of frequency response and the” ‘Size “of _the transformer. 


Resistance-Capacitance Coupling 


Figure 24 shows an amplifier with circuit RESISTANCE-CAPACITANCE 
(RC) COUPLING. The transistors used in this circuit are NPN types. A 
single power supply, + Voc, supplies bias and collector operating voltages. 
Resistors R; and Re provide voltage divider bias for Q;, and Rs and Rg 
provide voltage divider bias for Qs. Resistors Ry in the emitter circuit of 
Q, and Rg in the emitter circuit of Qs» stabilize the circuit by controlling 
the forward bias on the emitter junctions of the transistors. Capacitors C, 
and Cz are bypass capacitors. Capacitor C2 couples the signal from the 
collector of Q; to the base of Qs». There may also be coupling capacitors 
Cry at the input and Cour at the output of the two-stage amplifier. When 
capacitors Cy, and Cour are used, they replace the direct connections. When 


+ Vcc +Vcoc 


9 Figure 24 
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Cyx is employed, it blocks dc from the source which could otherwise upset 
the bias of Q;. Capacitor Cour is used to isolate the dc level at the collector 
of Q2 from the circuit output. 


Let’s first examine circuit operation under no-signal conditions. The volt- 
age at the collector of Q,*is 5 volts, and the voltage at the base of Qs is 
1.2V. Note that the bias, Vgz, on both Q, and Qs, is .7 volt. They are 
therefore silicon transistors in the forward-biased condition. Under these 
conditions, Cz will charge to the difference between the Q, collector voltage 
and the Q»2 base voltage, 3.8 volts. The charge paths for Cz. are through 
the emitter-base circuits of Qs, and through Cy to +Voo. Resistor Re 
parallels the emitter-base junction of Q»2 and carries some of the charge 
current, but th impedance is ch lower 


than the value of Rs that the emitter_carries most of the charge current. 


To increase the power-handling capability of a transistor, a heat sink is 
often employed to pass the heat produced by the transistor into the air. 
Courtesy International Electronic Research Corp. 


The signal at tor_of is coupled to the base of Qs» by the charge 
and _ discharge of C,. To examine the operation, assume that a sinewave 
signal is applied to the base of Q;. Let’s consider the positive alternation 


first. Since Q; is an NPN transistor, the positive signal alternation increases 
the forward bias, and as a result, the base current through Q, increases. 
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In turn, the Q, collector current increases. The increased Q, collector 
current increases the voltage drop across Rs, which decreases the Qi collec- 
tor voltage. With the Q,; collector voltage reduced, C2 starts to discharge, 
as it tends to remain charged to the difference between the Q, collector 
voltage and the Q» base voltage. The discharging of Cz, makes the base of 
Q. go in a negative direction, decreasing the forward bias on Q». This 
decreases the base current of Qo, causing its collector voltage to go positive. 
Note the phase relations between the signals. As the input signal goes posi- 
tive, the Q, collector voltage decreases and this negative-going signal applied 
to voltage to go more positive. Each common-emitter 
stage produces a 180° signal phase shift. With two stages, the output signal 
voltage is in phase with the input signal voltage. Bae i yr ae 


When the input signal goes negative, the Q, base and collector currents 
decrease. As a result, the voltage drop across Rg decreases, increasing the 
Q, collector voltage. This causes C2 to charge again, increasing the Q» base 
and collector currents, which decreases the Q2 collector voltage. 


Coupling capacitor C, and the input resistance of Q2 form a high-pass filter. 
To assure that most of the signal at the collector of Q, is coupled to the 
base of Qs, the time constant for Cz and the input resistance of Q, must be 
long. As a rule, the-time-constant~should be 10 times the period of the 
input resistance of the Q» stage (the value of Re in parallel with Rs and the 
Q> base-emitter impedance) is 1 kO and the lowest frequency to be amplified 


is 100 Hz. The period of a 100 Hz signal is: 


1x 102 


1 x 10-2 sec, or 10 milliseconds. 


The value of the time constant should be 10 times this, or 1 x 107 sec 
(100 milliseconds). To determine the value of C2, we can rearrange the RC 
time constant formula: 


9 A bead OF 
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Divide both sides by R: 


Since R/R = 1, the expression reduces to: 


fo 
l 
A\A 


1 j\dexelOs 
1 x 103 


1.x 10+ 


= 100 x 10-8, or 100 pF. 


Note that C. has a large value, 100 uF in this example. This is a much 
igher coupling capacitor value than that found in vacuum tube amplifiers. 


It is required because of the low input impedance of a transistor stage. 
Generally, electrolytic capacitors are used for coupling and bypassing in 
transistor amplifiers because of their characteristics of containing large capac- 


_itance values in small packages. er, the | ity of electrolytic capac- 
itors must be Observed tO properly connect them int ircuit. 


e_value of the coupling capacitor controls the low-frequency response. 

in the high-frequency response-of-transistor circuitry than it does in tube 
circuits because—of—the-much-tower-impedances in the transistor circutts. 
‘The characteristics of The GaNSBE Teel teenie te ey 
response limit. Transistor manufacturer specification sheets generally in- 
dicate the_frequenc ich the current gain of the transistor drops to 
.707 of B._ This is called the cutod Teaqueiey (COMMON destsesed Peo 
te). Lhe frequency at which the current gain of the transi Tops _ to 
“Tone, or unity is also usually Speciliod THE Trequency- often designated fy, 
It is also Known a5 The-gali-bandwidih produst- sven thoveh Wie seo 


context, therefore, bandwidth is defined as only the uency. 
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Therefore: 


frp x fp, or 
~ 


( fr — hee xX ibe ) 


Because of the inconsistencies in designations of characteristics from different 
manufacturers, this information is intended only as a general explanation 
of these common parameters. 


Iniall Class AC amplifiers. the.de_onerating woltages—and currents! do NOT 
change. Measurements of dc voltages and currents will indicate c nl 
“Values with or without signals applied to the transistors. RC amplifiers of 
this type usually provide relatively large voltage and current gain. 


Impedance Coupling 


Figure 25 shows the circuit of a transistor amplifier with IMPEDANCE 
COUPLING. The signal is coupled from the first stage to the second stage 
in the same way in the impedance-coupled circuit as it is in the resistance- 
capacitance coupled circuit. This circuit is similar to the circuit shown in 


9 Figure 25 


1079 


TRANSISTOR LOW-FREQUENCY AMPLIFIERS 


Figure 24, except that collector load coil L, replaces load resistor Rs of 
Figure 24. 


Impedance coupling functions i er that is similar to that of resist- 
ance-capacitance coupling. The lower de resistance of the inductor cause 
a smaller loss of power supply energy. However, the self-inductance of 
ky) _Varies-with frequency, and therefore, the Q, collector load~impedance 


develops a si ries with changing frequency. An imped- 


ance-coupled amplifier does not SB ET COS FRAN Che ees 0 al Tec 

It tends to produce a larger outp a larger output at high frequencies than it does at low 

frequencies. Impedance coupling is especially suited to applications in which 

the: signal consists of only a single frequency or a or a narrow band of frequencies. 
saci (at SUC a SRE git a gs gee UMS RNS 


Direct Coupling 


iN 


/ At very low signal frequencies, the reactance of the coupli itor_pre- 
/ vents mos ont being coupled to the next stage. If the input 


i 
q 
| 


signal is a shift in dc voltage, the coupling capacitor passes the signal only 


Gare the period of changing voltage. The steady state dc voltage does 


Ma 


ot appear at any point following the capacitor. 


The same_is i mer coupling. Any voltage induced in 
the secondary winding results from changes in the primary current. When 
the current is steady because of a constant value or a dc input signal, no 
output voltage is induced. Therefore, « a dc signal cannot be coupled be a 


abt: 7a Sea 
t transformer. ae ee es ©. 


ee 
ae a 


When the signals ai we wish to amplify are of very low fre uencies or are 
OE. a method aoe as DIRECT COUPLING is used to Peay the 
desired signal between stages. Direct coupling action is si that 


of any of the other coupling methods, but the circuit design and component _ 


tolerance values are more 


Oe eee 


A direct-coupled amplifier using two NPN transistors is shown in Figure 
26. The collector of Q; is coupled directly to the base of Qs. Resistor Rs 
serves as both the collector load resistor for Q, and the base bias resistor 
for Q2. Changes of Q; collector current vary the voltage across Rs, causing 
corresponding changes of Q, collector voltage and Qs base voltage. 


Because there is no capacitor to isolate the Q; collector from the Q» base, 
the circuit presents the problem of obtaining the desired base and collector 
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OUTPUT SIGNAL 


t 


INPUT 
SIGNAL 


Figure 26 


voltages for both transistors. Resistor R3 carries both the collector current 
of and the base bias current of OQ». Its resistance must be selected so. 


enough to make the Q, collector sufficlenDy Poste, vt ee weltace 
the base_of Os is too postive: The value of Rg is chose at the voltage 
at the Q. emitter will be high enough to permit the proper forward bias on 


the base-emitter junction of Qo. 


The resistance values of Ri, Re and Ry, are selected to provide the proper 
value of forward bias on Q;. Finally, the resistance of R; is selected to 
provide the desired Q» collector current and voltage. Both transistors are 
now biased properly, with the base-emitter junctions forward biased and 
the collector-base junctions reverse biased. 


Assume that an input signal causes the base of Q: to become more positive. 
This increases the base bias current of Q1. The Q, collector current in- 
creases and develops a larger voltage drop across Rs. This lowers the volt- 
age on the Q, collector and the Q, base, and reduces the forward bias on 
Q>, decreasing the Q. current. With less Q. collector current through Rs, 
the voltage across R; decreases, and the output voltage at the Q, collector 
becomes more positive. Although the voltage amplification between two 


direct-coupled istor stages may be’ only moderate, i e 
) of common-emitter_circuits can stl ined: 
Se 
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PNP and NPN transistors require similar values of bias voltages, but the 
voltages must have opposite polarities. If Q, and Q» of Figure 26 are both 
replaced by PNP transistors, the polarity of the collector supply must be 
reversed so that the bases and the collectors are biased negative with respect 
to the emitters. 


Since PNP and NPN transi ire oO ite-bi e said 
t NTARY. The complementary condition makes it pos- 


sible to use both types of transistors in the same circuit so that the collector 
current of the first stage develops the base bias for the second stage. 


Figure 27 


Figure 27 shows a direct-coupled amplifier which uses an NPN transistor 
in the first stage and a PNP transistor in the second stage. The amplifying 
and the coupling action is the same as in Figure 26. Because both types 
of transistors are used, the bias arrangement is different than that of Figure 
26. 


For the NPN transistor circuit of Q;, the resistance values of Ri, Re, R3 
and Ry, are chosen so that Q, is properly forward biased and provides the 
desired value of collector current. 


The collector of PNP transistor Q. is connected through R; to ground (the 
negative terminal of Voc). This properly reverse biases the collector junc- 
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tion of Q.. Notice that the base and the emitter of Q. connect to the posi- 
tive terminal of Voc through R3 and Rg, respectively. The currents through 
Rs; and Rg determine the bias of the base-emitter junction of Qe. Q, collector 
current is through load resistor R3, and Qs base and collector currents are 


through Re. The aa drop across Rs is greater than s -actoss Re. 
1 the base 0 égative with r its emit and Q» is 


peaneuy forward biased. fi this type of circuit, Qs is said to be - operated 
“upside down.” 


Direct-coupled amplifiers provide more uniform gain over the low-frequency 
range—than” transformer, resistance=capacitance_or_impedance-coupled_am- 
plifiers, Direct-coupled amplifiers can also be used with dc signals. How- 
ever,-the-operating points of the transistors-become_more—critical, “because 
some.of the resistors carry currents for more than one transistor. A small 
deviation from normal operation-of One transistor can cause a large deviation 
in following stages. As a result, direct coupling often _requires—negative 


feedback and expensive precision n components. Note that the emitter resis—_ 


tors in peepee ee ace ualpe assed, providing negative current fee feed- 


mmr 


back for both . This feedback aids significantly in obtaining good 
nis teecbackialdsisigniiicantyp nontainin 
stability. Siege 


rr 


SUMMARY 


Transistors are usually connected in one of three circuit arrangements: com- 
mon-emitter, common-base or common-collector. The common-emitter 
circuit is the most widely used of the three. It provides large current and 
voltage gains, the largest power gain and a 180° voltage signal phase re- 
versal. The common-base and common-collector circuits do not provide 
phase reversal between input and output voltage signals. Common-collector 
circuits provide current amplification and common-base circuits provide 
voltage amplification. 


To operate correctly, a transistor must be supplied certain voltages (or biases) 
for each of its elements. Various bias circuits are used for this purpose. 
Most common bias arrangements use voltage dividers to supply the needed 
voltages. 


The bias determines the class of operation for a transistor. In Class A 
operation, the transistor conducts for the full input signal cycle. In Class B 
operation, the transistor conducts for about half of the input signal cycle. 
Class AB operation occurs between Classes A and B. In Class C operation, 
the transistor conducts for appreciably less than half of the input signal 
cycle. 
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In some cases, it is necessary to obtain more gain than can be provided by 
one transistor. Several transistors are coupled together so that the output 
of one transistor is amplified again by the following transistor. Common 
methods of coupling transistor stages are transformer coupling, resistance- 
capacitance coupling, impedance coupling and direct coupling. 
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42. 
43. 


44. 


45. 
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following Practice Exercise questions cover the subjects which you have 
studied. They are: 


METHODS OF COUPLING 


TRANSFORMER COUPLING 


RESISTANCE-CAPACITANCE COUPLING 


IMPEDANCE COUPLING 


DIRECT COUPLING 


Draw a circuit like that of Figure 23 using NPN transistors. 


What is an advantage of transformer coupling? 
What is the function of C, in Figure 23? 


As the Q, collector voltage in Figure 24 decreases, capacitor C, charges. 
True or False? 


What is the phase relationship between the input and output signals 
in the circuit of Figure 24? 
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46. Referring to the following circuit, explain circuit action when the input 


47. 


48. 


49. 


50. 


51. 


52. 


signal becomes less negative. 


mote 


mVGC 


For proper operation, the time constant of the RC coupling circuit 
should be short. True or False? 


In a transistor audio amplifier, would you expect the coupling capacitor 
to have a value of .1 uF or 50 »F? 


How does impedance coupling differ from RC coupling? 
At what signal frequencies are direct-coupled amplifiers employed? 


In the circuit of Figure 26, what is the relation between the voltage at 


the collector of Q; and the voltage drop across R, for proper bias on | 


Q:? 


In the circuit of Figure 27, is the voltage drop across R; greater or less 
than the voltage drop across R, for proper bias on Q,? 
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IMPORTANT DEFINITIONS 


CLASS A AMPLIFIER — An amplifier in which the operating point is 
chosen so that there is collector current during the entire input signal 
cycle (360°). 


CLASS AB AMPLIFIER — An amplifier in which the operating point is 
chosen so that there is collector current for more than half but less 
than the entire input signal cycle (between 180° and 360°). 


CLASS B AMPLIFIER — An amplifier in which the operating point is 
chosen so that there is collector current for almost half of the input 
signal cycle (approximately 180°). 


CLASS C AMPLIFIER — An amplifier in which the operating point is 
chosen so that there is collector current for considerably less than half 
of the input signal cycle (less than 180°). 


COMMON-BASE (CB) AMPLIFIER — A transistor amplifier circuit in 
which the base is the common or grounded element. The input is 
applied to the emitter, and the output is taken at the collector. 


COMMON-COLLECTOR (CC) AMPLIFIER — A transistor amplifier 
circuit in which the collector is the common or grounded element. The 
input is applied to the base, and the output is taken at the emitter. 
Also called an emitter follower. 


COMMON-EMITTER (CE) AMPLIFIER — A transistor amplifier circuit 
in which the emitter is the common or grounded element. The input 
is applied to the base, and the output is taken at the collector. 


COUPLING — The process of transferring a signal from one stage to the 
next stage. 


DIRECT COUPLING — A method of transferring a signal from one point 
to another by means of a conductive connection. 


GAIN — The ratio of the output signal voltage, current or power of an 
amplifier to the input signal voltage, current or power of the amplifier. 


IMPEDANCE COUPLING — A method of transferring a signal between 
stages in which an inductor is the load component in one stage, resis- 
tors are the input components in the other stage, and a capacitor pro- 
vides a path for the signal between the two stages. 
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IMPORTANT DEFINITIONS (Continued) 


LINEAR AMPLIFIER — An amplifier that operates only on the straight 
part of the characteristic transfer curve. 


POWER AMPLIFIER — An amplifier designed to supply a load that re- 
quires both high current and voltage signals. 


RESISTANCE-CAPACITANCE (RC) COUPLING — A method of trans- 
ferring a signal between stages, in which resistors form the output load 
of one stage and the input circuit of the other stage. A capacitor pro- 
vides a path for the signal between them. 


TRANSFORMER COUPLING — A method of transferring a signal by 
applying the output of the source to the primary of a transformer and 
taking the input to the load from the secondary. 


VOLTAGE AMPLIFIER — An amplifier designed primarily to supply a 
large voltage signal to the load. 
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ESSENTIAL SYMBOLS AND EQUATIONS 


Ay Current gain 

Ap Power gain 

Ay Voltage gain 

Ere Percent efficiency 

Tocave) Average collector current 

lw Input signal current 

Tour Output signal current 

Pac DC input to the amplifier stage from the power supply 

Pin Input power 

Pour Output power 

) Voo Collector supply voltage 

Vin Input signal voltage 

Vour Output signal voltage 

2, Impedance (larger) 

Zs Impedance (smaller) 

opp: (1) 

- Vin 
ee oe (2) 
Thy 

Ape A A, x A, (3) 
IN 

Ey = Pour x 100 (4) 
Pac 

Pac = Ig¢avey X Voc (5) 

J 
oN as (6) 
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1. 


2; 


ae 


4. 


Te 


8. 


9, 


PRACTICE EXERCISE SOLUTIONS 


A voltage amplifier is used to supply a large output voltage signal with 
little output current. A power amplifier, on the other hand, supplies a 
large output current signal to the load. 


The voltage gain is equal to: 


aw Vour ve 10 volts — 20 
MS VR Oay a Seyolt? os ee 


To determine the power output, the power gain formula must be re- 
arranged: 


Ap — Foe or Pour = ApPyy a 1 x cS watt — 3.6 watts. 


IN 


The common-collector (emitter-follower) amplifier provides the highest 
input impedance and the lowest output impedance and therefore would 
serve best as a circuit to match a high source impedance to a low load 
impedance. 


emitter — The common-emitter amplifier provides the highest power 
gain because both the voltage and the current gains are high. 


PNP COMMON-EMITTER AMPLIFIER NPN COMMON-COLLECTOR AMPLIFIER 


When the input signal makes the base of Q, less positive, the forward 
bias on Q, decreases, thus decreasing base current. As a result, coi- 
lector current decreases and the voltage drop across R;, decreases. Since » 
the output voltage is the difference between Vp, and Voc, it increases, 
or becomes more positive. 


In a common-emitter amplifier, the input and output signal voltages are 


180° out-of-phase. 


The function of resistor R,, is to develop the output signal. Collector 
current changes in R, develop the varying output signal voltage. 
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PRACTICE EXERCISE SOLUTIONS (Continued) 


10. In a PNP common-emitter circuit, the input voltage and the collector 
current are in phase. The same is true in an NPN common-emitter cir- 
cuit. However, the collector voltages in these circuits are out-of-phase 
with the input voltages. 


11. less — As the input signal drives the base more negative, the base cur- 
rent increases. As a result, collector current and the voltage drop across 
the load resistor increase. In turn, the output voltage decreases. 


12. Vour = Vcc — Wn,» — The output voltage is the difference between 
the collector supply voltage and the voltage drop across the load resistor. 


13. The input and output voltage signals are in phase in both common-base 
and common-collector amplifiers. 


14. The output voltage signal in a common-collector amplifier is developed 
by the signal current in the load resistor, R,. As the collector current 
varies, the voltage drop across R,, varies. 


15. Yes—In the common-base circuit, as well as the common-emitter cir- 


cuit, the output voltage is the difference between the collector supply 
and the voltage developed across the load resistor. 


16. 


SIGNAL 
OUTPUT 


INPUT 
SIGNAL 


= Voc 


17. The value of base current is equal to 60 A: 


pee core 9 Volts 
B=_—-_” —_ 


—_——_————. = 6 x 10° = 60 microamperes. 
Rat LS) 08 ohms; se ia P 
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PRACTICE EXERCISE SOLUTIONS (Continued) 


18. 


SIGNAL 


INPUT OUTPUT 


SIGNAL 


19. As base current increases, the voltage drop across R, increases. This 
reduces the voltage drop across R., reducing the forward bias. This 
action tends to limit any increase in base current. 


20. Stability is improved with small values of Ro. However, decreasing the 
value of R, causes more of the input signal to be shunted, because the 


input impedance of the circuit is reduced. 


IA 


SIGNAL 
OUTPUT 


INPUT 
SIGNAL 


22. A decrease in the collector current decreases the voltage drop across R, 
and thus increases the collector voltage. Since the bias circuit is con- 
nected to the collector, the bias is increased. The resultant increase in 
the base current tends to return the collector voltage to its former value. 
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PRACTICE EXERCISE SOLUTIONS (Continued) 


23. 


24. 


25. 


26. 


27. 


28. 


3.7 — 
Ay = R 
10,000 
2700 
=| 
SIGNAL 
OUTPUT 
INPUT 
SIGNAL 
False — Increasing the drop across R; reduces the forward bias on the 


emitter junction. 


The base-emitter voltage, Vzx, in circuit A is 6.4V — 6.2V, or .2 volt, 
and therefore, the transistor is germanium. In circuit B, the base-to- 
emitter voltage is 9V — 8.3V, or .7 volt, and therefore, the transistor is 
silicon. 


A Class A amplifier is one in which there is collector current for the 
full 360° of the input signal cycle. 


The current gain is equal to: 


a, = Jour = 4X 10° 


Tae 1510-7 = 267 (approximately). 
IN 
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PRACTICE EXERCISE SOLUTIONS (Continued) 


29. The efficiency of an amplifier is the ratio of signal output power to dc 
power input from the power supply. 


30. The efficiency of a Class A amplifier is approximately 30%. 
31. A Class A amplifier has low distortion. 


32. A Class B amplifier is one that is biased so that it conducts collector 
current for about 180° of the input signal cycle. 


33. Yes 
34. The maximum efficiency of a Class B amplifier is about 78%. 


35. A transistor amplifier is biased near or a little above cutoff for Class B 
operation. 


36. A Class AB amplifier is an amplifier biased so that there is collector 
current for more than 180° but less than 360° of the input signal cycle. 


37. The efficiency of a Class AB amplifier is greater than that of a Class 
A but less than that of a Class B amplifier. 


38. A Class C amplifier is an amplifier biased so that there is collector cur- 
rent for considerably less than 180° of the input signal cycle. 


39. The maximum efficiency of a Class C amplifier is approximately 857%. 


40. Class AB. — The transistor is biased inside of cutoff so that there is 
collector current for more than 180°, but less than 360°, of the input 
signal cycle. 


41, 
INPUT OUTPUT 
SIGNAL SIGNAL 
1079 


46 


TRANSISTOR LOW-FREQUENCY AMPLIFIERS 


PRACTICE EXERCISE SOLUTIONS (Continued) 


42. Transformer coupling has the advantage of providing a good impedance 
match between stages. 


43. C, is a bypass capacitor which prevents signal voltage from appearing 
across R,. 


44. False — Capacitor C, charges when the Q, collector voltage increases 
and discharges when the Q, collector voltage decreases. 


45. The input and the output signals in the circuit of Figure 24 are in phase, 
since each stage produces a 180° phase shift for a total phase shift of 


46. When the input signal becomes less negative, the Q, base current de- 
creases, reducing Q, collector current, and increasing the Q, collector 
voltage. As a result, C. charges. The C, charge current drives the base 
of Q. more negative, increasing base current. Q. collector current in- 
creases, with a resultant decrease in collector voltage. 


47. False — The time constant should be long with respect to the period 
of the lowest signal frequency. 


48. 50 .F.— Due to the lower input and output impedances, the coupling 
capacitors in transistor circuits generally have a high value, like 50 uF. 


49. The difference between impedance and RC coupling is that an inductor 
is used in place of the load resistor in an impedance-coupled stage. 


50. Direct-coupled amplifiers are generally used at very low signal fre- 
quencies, and where the signals are actually variations in dc levels. 


51. The voltage of the collector of Q, must be greater by Vz; of Q. than 
the voltage drop across R, for proper bias on Q>. 


52. The voltage drop across R; must be greater than the voltage drop across 


R, for proper operation. Remember, Q, is a PNP transistor, and the 
base must be negative in respect to the emitter for forward bias. 
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De VRY INSTITUTE OF TECHNOLOGY 


4141 BELMONT AVENUE, CHICAGO, ILLINOIS 60641 ! O79 A . 3} ,.G & D 
—— ONE OF THE EXAMINATION 


(F Bette Howe. ScuHoots CHECK SHEET 


NOTICE: To keep our lessons up-to-date, we add material to the texts from time to time, and make occasional 
changes in the examination questions. Therefore, when checking your answers with this check sheet, look at the 
code LETTER (A, B, C, etc.) on your examination sheet to determine which of the following groups of answers apply 
to the lesson which you have. 


lO79C&D 


1, A- INA CLASS A AMPLIFIER, THERE IS COLLECTOR CURRENT FOR -- 360° OF THE INPUT CYCLE, 
In a Class A amplifier, the bias and signal level are set so that there is collector current for the full input cycle. 


2. C-A  COMMON-EMITTER AMPLIFIER -- HAS A HIGH VOLTAGE GAIN, 
A common-emitter amplifier has high voltage and current gain, a 180° phase reversal of the signal voltages, a 
moderate input impedance and a moderate output impedance, 


3. D- AN INCREASE IN THE TEMPERATURE OF A TRANSISTOR -- INCREASES TRANSISTOR CURRENT 
GAIN, 

An increase in temperature increases the number of current carriers in the semiconductor material which 
causes an increase in the current gain (8) of the transistor, 


4, C-SUPPOSE THAT Vcc IN THE CIRCUIT OF FIGURE 7 IS 12 VOLTS. ASSUMING THAT THE BASE-TO- 
EMITTER VOLTAGE DROP OF Q, IS NEGLIGIBLE, WHAT VALUE OF R, IS REQUIRED FOR A BASE CUR- 
RENT OF 100 pA? -- 120 ko. 

The value of Rj is found by using Ohm's Law, 

Vcc 12 volts 12 


: = OE - —— = 12 104 = 120 
ie Ts 100x 107°A ~=.1 x 1074 


5. B- R3 IN THE CIRCUIT OF FIGURE 12 -- PROVIDES NEGATIVE FEEDBACK, 
The emitter resistor is generally a low value resistor that provides degenerative feedback. This negative cur- 
rent feedback stabilizes the circuit. 


6. D- A TRANSISTOR AMPLIFIER IS OPERATED SUCH THAT THE COLLECTOR CURRENT FLOWS FOR 
APPROXIMATELY 180° OF THE INPUT CYCLE, THE CIRCUIT IS THUS OPERATING -- CLASS B. 
The transistor is operating near cutoff which is the bias point for Class B operation. 


7. D- IN THE RC COUPLED AMPLIFIER OF FIGURE 24 -- Cz DISCHARGES WHEN Q; COLLECTOR CUR- 
RENT INCREASES, 


The coupling capacitor, C2, discharges when Q, collector current increases because the voltage drop across R3 
increases thus reducing the collector voltage. 


8. D- WITH RESPECT TO AN RC-COUPLED AMPLIFIER, -- INCREASING THE VALUE OF THE COUPLING 
CAPACITOR IMPROVES THE LOW-FREQUENCY RESPONSE, 

The coupling capacitor forms part of a high-pass filter with the low frequency cutoff point determined by the value 
of the coupling capacitor, 


9. A- IF C3 IS REMOVED IN THE CIRCUIT OF FIGURE 25 -- THE OUTPUT SIGNAL AMPLITUDE WILL DE- 
CREASE, 

Removing C3 introduces negative feedback into the circuit which reduces the Qz stage gain, thus reducing the 
output signal amplitude, 


10. D- REFERRING TO THE CIRCUIT OF FIGURE 27, IF THE COLLECTOR VOLTAGE ON Q, IS +3 VOLTS 
AND THE EMITTER VOLTAGE ON Q2 IS +3.7 VOLTS, -- Qz IS CONDUCTING, 

Since Q9 is a PNP transistor, the base must be less positive than the emitter in order to have Q? forward biased, 
Since this condition does exist Q> is forward biased and is conducting. 


iO79B 


All explanations are the same as for 1079C except for those given below. 


1, A- INA CLASS A AMPLIFIER, COLLECTOR CURRENT FLOWS FOR -- 360° OF THE INPUT CYCLE. 
In a Class A amplifier, the bias and signal level are set so that collector current flows for the full input cycle. 


3. D- AN INCREASE IN THE TEMPERATURE OF A TRANSISTOR -- INCREASES COLLECTOR CURRENT, 


An increase in temperature increases the number of current carriers in the semiconductor material which 
causes an increase in base and collector current, 


1079A,B,C &D - 
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EXPERIMENT 7 
CLASS A AND B TRANSISTOR AMPLIFIERS 


PARTS NEEDED 


1 - Complete Design Console 2- 1012, 1/2 W, 20% Resistors 
1 - Multimeter with Test Leads and 1 - 100 kQ, 1/2 W, 20% Resistor 
Spring Adapters 1 - 220 k2, 1/2 W, 20% Resistor 
1 - 1 MQ Potentiometer with Bracket 6 - Modular Connectors 
and Leads 2 - Tri-mounts 
1 - Transistor Socket with Leads - No, 22 Solid Hookup Wire 
1 - NPN Transistor 
OBJECTIVE 


In this experiment you will examine the basic operating characteristics of 
Class A and Class B transistor amplifiers. 


PROCEDURE 


1, Set up the common-emitter amplifier circuit of Figure 7-1 following the 
layout of Figure 7-2. Set R3 fully counterclockwise and the ADJUST VOLTAGE 
control on the design console fully counterclockwise. Do not connect the audio 
generator lead to R4 at this time. Set the ADJUST FREQ. control to 5, Turn 
on the design console and set the regulated power supply switch to the 30V 
position, Set the ADJUST VOLTAGE control on the design console for a 
regulated dc voltage of 15 volts. 


Z. As in the case of a vacuum tube amplifier, a transistor can be set for 
Class A operation by adjusting the dc bias so that the dc collector voltage is 
about one-half of the supply voltage. 


While measuring the Q, collector voltage, adjust Rz clockwise until the collector 
voltage is one-half of the supply voltage (7.5 volts dc). 


3. Ina Class A tube or transistor amplifier, the dc operating conditions do not 
shift when a signal is applied. While monitoring the Q, dc collector voltage, 
connect the sinewave output of the audio generator to Ry to apply an input signal. 
Ry limits the signal to the Q] base circuit to prevent overload. Note that the 
Q) dc collector voltage does not change appreciably. 


4, Measure the ac signal at the collector of Q) with the output function of your 
multimeter and record it here, 
Output Signal = volts ac 


9506 
tal 


Class A and B Transistor Amplifiers 


5. To operate a transistor amplifier Class B, the bias should be set so that © 
there is an output signal for about 180 degrees of the input cycle, There is 
often confusion as to whether a transistor operates Class B or Class C with 
zero bias, For Class C operation, there would be an output signal for 
Significantly less than 180 degrees of the input signal. Remember, it takes a 
definite amount of forward bias voltage for conduction (silicon = 0.6 volt, 
germanium = 0,3 volt), The large amplitude signal used here in Step 5 will 
produce Class B operation. 


Disconnect the audio generator output from Ry. To set the circuit of Figure 7-1 
for Class B operation, measure the Q] dc collector voltage and adjust R3 
counterclockwise until the collector voltage just reaches 15 volts, the supply 
voltage. Do not exceed this point or you will bias the circuit for Class C 
operation, 


6. While measuring the Q] dc collector voltage, reconnect the audio generator 
output to Ry. Note that the de collector voltage decreases, indicating the 
normal shift in dc conditions in a Class B amplifier when a signal is applied. 


7. Measure the ac signal at the collector of Q], and note that it is less than 
that observed in Step 4 for Class A operation. However, the output signal is 
not half as much as it was in the Class B vacuum tube circuit. This is caused 
by a change in the input impedance of the circuit from Class A to Class B @ 


} 


operation, This changes the input signal level, thus affecting the output signal 
amplitude. 


CONCLUSION 


As in vacuum tube circuits, Class A transistor amplifiers have higher voltage 
gains than do Class B circuits, The dc operating conditions remain relatively 
constant in a Class A amplifier when a signal is applied. Ina Class B circuit, 
the collector voltage decreases when a signal is applied. 
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1, D- THE ZERO BIASED TRANSISTOR AMPLIFIER OF STEP 5 OPERATES -- CLASS B. 
Since the relatively large input signal causes a signal output for about 180 degrees of the input cycle, the 


amplifier stage is operating Class B. 


2. B - SUPPOSE THAT THE EMITTER VOLTAGE OF A CLASS A PNP TRANSISTOR AMPLIFIER IS 
-1.3 VOLTS. ASSUMING A SILICON TRANSISTOR, WHAT DC VOLTAGE WOULD YOU EXPECT AT THE 


BASE? -- -1,.9 VOLTS. 
With the normal 0.6 volt bias for a silicon transistor, the base voltage must be -1.3 volts plus -0.6 volt 


or -1.9 volts. 


3. D-INA CLASS A TRANSISTOR AMPLIFIER, COLLECTOR CURRENT FLOWS FOR -- 360° OF THE 


INPUT SIGNAL CYCLE, 
In a Class A amplifier, collector current flows for the entire input cycle (or 360°). 


4. A- INA CLASS B TRANSISTOR AMPLIFIER, WHEN AN INPUT SIGNAL IS APPLIED, THE DC -- 


COLLECTOR VOLTAGE DECREASES. 


When a signal is applied, collector current increases, decreasing the average dc collector voltage. 


5. B-INACLASSB TRANSISTOR AMPLIFIER CIRCUIT, COLLECTOR CURRENT FLOWS FOR -- 180° 


OF THE INPUT SIGNAL CYCLE. 
In a Class B amplifier, collector current flows for one half the input cycle or 180° since the transistor is 


biased at cutoff. 


9506-7A 


All explanations are the same as for 9506-7B except for that given below. 


1. D-A ZERO BIASED TRANSISTOR AMPLIFIER OPERATES -- CLASS C, 
Since it takes 0.6 volt for conduction of a silicon transistor ard 0,3 volt for conduction of a germanium 


transistor, a zero biased transistor amplifier actually operates Class C. 
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UNIT EXAMINATION FOR 
COURSE 242 


This examination contains a number of different type questions: multiple choice, true or false, 
fill in the blank and direct question. To assist us in grading, please print your answers clearly on 
the answer sheet. COMPLETE THE PORTION STATING YOUR NAME, ADDRESS AND 
STUDENT NUMBER ON THE ANSWER SHEET AND SEND ONLY THE ANSWER SHEET 
FOR GRADING. Retain the examination questions for your records. 
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UNIT EXAMINATION QUESTIONS 242 


What is the required value of the shunt resistor necessary to convert a 
milliammeter with a full-scale deflection of 1 milliampere and an internal 
resistance of 50 ohms to a milliammeter which will read 100 milliam- 
Petcssiulliscale? sg OO TA 


To convert a milliammeter into a voltmeter would you add a resistance 
in series or in parallel with the meter movement? __227-%< 


Voltmeter polarity must be observed when measuring ac voltages. True 
ord 


In the diagram shown below, 

(A) waveform A lags waveform B by 90 degrees. (B) waveform B leads 
waveform A by 90 degrees. (C) waveform A leads waveform B by 90 
degrees. (D) waveform A would represent current and waveform B 
would represent voltage in a purely inductive circuit. 


A 


\ 


What is the inductive reactance of a 2.5-henry coil at a frequency of 


PoOibertzie vn NO 76S, 


: eA the reactance of a .5 uF capacitor at a frequency of 1 kHz? 


What is the impedance of the series circuit shown below? 


Xc= 15 kN 


X= 25 kL 
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UNIT EXAMINATION QUESTIONS 242 


a 
Sy 190 XI ( 


450 aoe 


8. What is the impedance of the parallel circuit shown below? 


V } 9. Which of the response curves shown below would represent the response 
of a resonant circuit with a high Q? 


10. What is the resonant frequency of a Mase RLC circuit if L = 100 
microhenries and C = 200 pF? MF 


it Is ae impedance of a parallel RLC circuit minimum or maximum at 


yy 


resonance? 


12. What is the impedance of the series RLC circuit shown below? OU St 


100 £2. 
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UNIT EXAMINATION QUESTIONS 242 


13. In a reactive AC circuit, sag 
(A) true power is always greater than apparent power. B) the power 
factor is equal to the true power divided by the apparent power. (C) 
power factor is equal to the apparent power divided by the true power. 
(D) reactive power is always greater than apparent power. 


14. What is the value of one time constant in the circuit shown below? 


/0 Msg. [pF ve 


| 


lOkQ 


tS: What is the value of one time constant in the circuit shown below? 


a 


seg ; 1H rt 


loon 


16. To obtain a rectangular waveshape at the output terminals in the circuit 
shown below, should the time constant of the circuit be long or short 
with respect to the period of the input signal? ___ “3 *4- 


17. What is the name given to the effect that causes current to concentrate 
at the surface of a conductor at high frequencies? 1 Ce 


18. The duration of plate current in a Class A amplifier is 
degrees. 
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UNIT EXAMINATION QUESTIONS 242 


19. Does push-pull operation cancel even or odd harmonic distortion? 


20. What class of operation is employed in the circuit shown. below? 
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Write your answers in the space provided. Be sure to include units, such as volts, uF, etc. where necessary. 
RETURN ONLY THE ANSWER SHEET FOR GRADING. Keep the exam for your records, 
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UNIT EXAMINATION 2 
ANSWER SHEET 3 


‘GRADE 
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Write your answers in the space provided. Be sure to include units, such as volts, uF, etc. where necessary. 
RETURN ONLY THE ANSWER SHEET FOR GRADING. Keep the exam for your records. 
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